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In order to objectively classify heavy rain types over East Asia during the 
summer, K-means clustering was applied to the Tropical Rainfall Measuring 
System (TRMM) Precipitation Radar (PR) reflectivity profiles. Two main types of 
heavy rainfall were emerged: a well-developed deep convective system that is 
situated predominantly over mainland China (Type 1, cold type) and a medium-
depth rain system that is mostly found in the oceanic region over the western 
periphery of the North Pacific high (Type 2, warm type). It is noted that Type 1 
propagates eastward from mainland China toward the area including Korea and 
Japan whereas Type 2 expands northward with the progress of summer. Such 
different temporal evolution appears to bring in the coexistence of two rain types 
of heavy rainfall over the Korean peninsula. 
This study further examines the spatio-temporal evolution of cloud systems 
and thermodynamic/dynamic features associated with heavy rainfall types over 
the Korean peninsula using geostationary satellites and reanalysis data, 
respectively. It was revealed that the cold type is characterized by an eastward-
moving oval-shaped cloud system, while the warm type is represented by a 
northeastward-moving broader system. The cold-type heavy rainfall was usually 
associated with a local cloud system induced by convective instability. In contrast, 
the large-scale synoptic forcings (i.e., low-level moisture convergence and high-
level divergence) under moist-adiabatically near-neutral conditions are thought to 
facilitate the possibility of warm-type heavy rainfall over the Korean peninsula. 
Collision and coalescence processes in the lower cloud layer appear to be 
responsible cloud microphysics for forming heavy rainfall there. 
In order to examine whether the numerical experiments could provide 
evidences supporting the hypothesis of causing the warm-type as well as cold-
type heavy rainfall, numerical experiments were taken with ideally prescribed 
ii 
thermodynamic conditions. Under the prescribed moist-adiabatically near-neutral 
conditions, the warm-type simulation results in a lower storm height, earlier onset 
of precipitation, and heavier precipitation through collision-coalescence process 
below the melting layer. The lack of upper-level snow and close interaction 
between super-cooled raindrops and ice particles at the initial stage were also 
noted in the warm-type experiment. In contrast, the growth of snow and graupel 
particles and melting process of ice particles appear to be responsible for the cold-
type heavy rainfall. 
In real-case simulations, Double Moment 6-class (WDM6) scheme simulated 
the most realistic vertical structure of summertime heavy rainfall over the Korean 
peninsula among eight Weather and Research Forecasting (WRF) microphysics 
schemes by virtue of the smallest amount of snow and modified warm-rain 
physics. However, excessive graupel in the WDM6 scheme was thought to be a 
problem. In addition, a warm-type heavy rain event was reasonably simulated 
using the WRF model, implying the importance of large-scale environmental 
setup in the prediction of warm-type heavy rainfall. Therefore, improvement of 
microphysical parameterization based on observations and a better large-scale 
environment are thought to be important factors for enhancing the predictability 
of warm-type heavy rainfall over the Korean peninsula in the humid East Asian 
summer environment.  
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1. Introduction 
Heavy rainfall events are responsible for over than 90% of the socio-economic 
damage on the Korean peninsula caused by natural disasters between 1983 and 
2011 (National Emergency Management Agency 1993, 2002, 2012). Considering 
the tremendous socio-economic damage and costs of recovering from damages 
caused by heavy rainfall, a considerable number of studies have been conducted 
on characteristics of heavy rainfall and its formation mechanisms over the Korean 
peninsula (Park et al. 1986, 1989; Lee 1991; Hwang and Lee 1993; Lee et al. 1998; 
Lee and Kim 2007, among many others). The formation mechanism of heavy 
rainfall over Korea discovered by these studies can be summarized as follows: 
warm moisture advection by southwesterly low-level jet located in the 
northwestern periphery of the North Pacific subtropical high (Hwang and Lee 
1993), intensified convective instability and baroclinity by northwesterly cold-air 
advection associated with upper level disturbances (Lee et al. 1998), and 
strengthened convection by secondary circulation with the upper-level jet stream 
(Park et al. 1986, 1989). However, the current understanding of rain-forming 
microphysics is still insufficient, which leads to the uncertainty of weather 
forecasting. 
Recent satellite measurements have provided a chance to understand cloud-
rain microphysics on the global scale. Notable example is the Tropical Rainfall 
Measuring Mission (TRMM; Simpson et al. 1988) satellite loading the first space-
borne radar, passive visible-infrared and microwave radiometers, and lightning 
measurement sensor. The launch of TRMM has improved our understanding of 
the tropical cloud-rain system and microphysical rain-forming processes (Nesbitt 
et al. 2000). Among the TRMM sensors, precipitation radar (PR) has yielded 
invaluable information on rain intensity, type, and vertical structure over the 
remote ocean, which cannot be covered by ground-based radar measurements. 
２ 
However, TRMM is limited in its capability to sample targets varying faster than 
the satellite revisit frequency (typically twice a day); thus, it inherently interrupts 
the life cycle study of the rain system. In this situation, nearly continuous cloud 
observations from geostationary satellites can be beneficial if combined with 
TRMM measurements (see Section 2.3).  
Numerous studies made attempt to understand the rain characteristics under 
the East Asian summer monsoon environment using TRMM measurements (Fu 
and Liu 2003; Seo 2011 among many others). After analyzing rain rate, storm 
height, microwave scattering signal, and vertical structure, they reported that 
convective cloud is deeper and stronger in the mid-latitude land than over the 
tropical oceans. Takayabu and Hirosaka (2009) revealed the increase of intense 
and heavy rainfall in the latter period of the Baiu season (June to July), which is 
accompanied with the destabilization of environmental thermodynamic conditions. 
However, these studies were mostly confined to the conventional concept of rain 
types (i.e., stratiform vs. convective). 
Up to date the rain-forming microphysics is not still well understood, leading 
to severe problems in rain retrieval from space. Especially, the TRMM Microwave 
Imager (TMI) retrieved rain over the mountainous area has been considerably 
underestimated, thus the auxiliary data such as orographically forced upward 
motion and moisture flux convergence are required to adjust the underestimated 
rainfall (Kwon et al. 2008; Shige et al. 2013; Taniguchi et al. 2013; Yamamoto 
and Shige 2014). Satellite estimates of rainfall over the Korean peninsula are also 
substantially smaller than those from surface rain gauge measurements, regardless 
of the retrieval algorithms and satellite sensors used (Sohn et al. 2010). Such a 
discrepancy is thought to be related to the scattering-based microwave method 
used by the TRMM TMI over land since other retrieval methods (e.g., infrared-
based method) compared in Sohn et al. (2010) try to reproduce TRMM rain 
３ 
estimate. However, when the accuracy of TRMM TMI rain estimates was 
questioned, efforts were then made to understand why degradation occurs over the 
Korean peninsula. As part of this investigation, Ryu et al. (2012) analyzed surface 
rain gauge measurements collocated with TMI 85-GHz brightness temperatures. 
They found that the scattering signal over Korea was much weaker in 85-GHz 
brightness temperatures (even for heavy rain cases) than expected from the NASA 
Goddard Profiling Algorithm (GRPOF) version 6 algorithm (Olson et al. 2006) for 
yielding the same rain rates. The contrast in ice water content was also revealed in 
the abundant hail reports over the central US region, but rare hail reports over 
Korea (Cecil and Blackenship 2012). Much higher ice water content is essential 
for producing heavy rainfall over the central US, where the TMI land algorithm 
has been tuned (Olson et al. 2006), whereas the ice water content appears to be 
less important for the Korean peninsula. This thus led to a speculation that heavy 
rainfall causing flood over Korea may lack ice water content in the heavy rain-
producing convective clouds.  
Recently, Sohn et al. (2013) (hereafter referred to as S13) found that heavy 
rainfall over the Korean peninsula is more associated with low-level clouds (with 
a warmer cloud top temperature), by analyzing the Tropical Rainfall Measuring 
Mission (TRMM) and CloudSat measurements. This heavy rainfall associated 
with low-level clouds is referred to as ‘warm-type’ heavy rainfall in S13, and is 
different from conventional heavy rainfall from deep convective clouds (therein 
referred to as ‘cold-type’ clouds). It was suggested that deep convection may not 
be always necessary to produce heavy rainfall under the humid environment if 
water vapor convergence occurs with a continuous supply of water vapor into a 
particular region. S13 proposed a hypothesis in order to explain the microphysical 
forming process of warm-type heavy rainfall (Fig. 11 of S13). In the first step, 
solid particles precipitating from the upper part of clouds may grow as a result of 
４ 
the feeding process until reaching the melting layer. Subsequently, raindrops tend 
to keep growing into larger particles until hitting the ground and causing heavy 
rainfall. This is because, a continuous supply of water vapor produces abundant 
liquid water, and then the growth of raindrop can be rapidly increased through 
collision and coalescence processes below the melting layer. 
Although the microphysical forming mechanism of warm-type heavy rainfall 
proposed by S13 did not tested using a state-of-art cloud microphysical model, it 
was considered that similar observational features over other regions support the 
hypothesis related to the formation of warm-type heavy rainfall. It has been 
reported that heavy rain or flood may not always require intense deep convection 
(Caracena et al. 1979; Smith et al. 1996, 2000 among others). In particular, 
Caracena et al. (1979) noted the "low echo centroid" describing the highest 
reflectivities within the warm portion of cloud layer, and suggested that the major 
precipitation can develop within the warm portion of cloud layer. Furthermore, 
Zipser and Lutz (1994) found that radar echo intensity is increased steeply with 
decreasing height (6.5 dBZ km-1) between the 0°C and –20°C levels over the 
tropical ocean, but increased slowly with height (1.5 dBZ km-1) over the mid-
latitude continent, leading to the effective growth of raindrop for the case of the 
tropical ocean. Analyzing the in situ videosonde data, Takahashi et al. (2015) 
explained that the different slope of radar reflectivity can be the result from 
different composition of hydrometeors (for example, frozen drop shows more 
rapid increase of radar reflectivity with decreasing height than graupel particle). 
Ground-based radar group in East Asia has also recognized that convective cells 
in association with the Meiyu front over the downstream region of the Yangtze 
River (Zhang et al. 2006) and the Baiu front around Okinawa Island (Oue et al. 
2010, 2011) exhibit comparatively low echo top heights. Zhang et al. (2006) first 
defined the convection of medium depth whose 15-dBZ reflectivity height (i.e., 
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echo top height) is lower than 8 km. It was maintained with a low-level neutral 
buoyancy (LNB) and humid atmosphere below the middle level. In their study, the 
medium-depth convection was regarded as the most important structure of the 
Meiyu frontal convective precipitation system in terms of contribution to total 
convective rainfall. Oue et al. (2010, 2011) further showed that the growth of 
large raindrops resulting from collision and coalescence processes under the low-
level humid environment can increase the radar reflectivity of convective cells. 
The similarity of the rain characteristics described above therefore suggests that 
warm-type heavy rainfall and medium-depth convection are actually a type of 
shallow convection that produces heavy rainfall. With this in mind, this study 
aims to extend the concepts of warm-type heavy rainfall over the Korean 
peninsula and medium-depth convection in the Baiu-Meiyu frontal system into the 
East Asian monsoon region. 
Previous studies have suggested the use of PR reflectivity profiles to be an 
efficient way of diagnosing different rain types. Xu and Zipser (2012) found that 
continental, monsoon, and oceanic rainfall regimes tend to have different vertical 
rain structures: continental convection is dominated by vigorous mixed-phase 
processes such as freezing of raindrops or riming of graupel (70–80%), while the 
while mixed-phase processes are less important in monsoon and oceanic rainfall 
regimes (occupying 40% and 10% of respective convection types). In addition, in 
a follow-up study Xu (2013) reported different vertical structures occurring 
between inland China and the East China Sea (for example more vigorous 
convection is found in the eastern part of mainland China). Recently, Hamada et 
al. (2014, 2015) further showed that most extreme rainfall events are 
characterized by less intense convection with intense radar echoes not extending 
to extremely high altitudes, by analyzing the PR reflectivity structure in the 
tropics and subtropics.  
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This thesis aims to establish a statistical concept of heavy rainfall types in East 
Asia, by objectively classify heavy rainfall types using the vertical structure of 
TRMM PR reflectivity. This differs from a subjective classification by S13 using 
the criteria of 8-km storm height in order to separate the rain types into cold- and 
warm-types. This is also a different approach from that based on the comparison 
of classified rain types and associated vertical structures within predefined regions 
or domains, such as in Xu and Zipser (2012), Xu (2013), and Hamada et al. (2014, 
2015). Therefore, this method may reveal new features about heavy rain types by 
providing information related to both their spatially and temporally evolving 
features. In addition, the information obtained can be used to understand rain-
forming mechanisms and thus in turn improve weather forecasting, in particular 
over the East Asian monsoon region. Finally, the concept of warm-type heavy 
rainfall noted in S13 over the Korean peninsula will be re-examined in the context 
of humid East Asian monsoon environment, expecting a similar rain type in the 
humid regions along the western periphery of the North Pacific high.  
The second topic of this thesis is to investigate the temporal evolution of 
heavy rainfall types, as an extension of S13. The duration of rain event is thought 
to be a key factor along with the rain intensity for determining the cumulative 
rainfall. Since TRMM measurements used in S13 are limited in its capability to 
sample targets varying faster than the satellite revisit frequency (typically twice a 
day), an advantage of geostationary satellites with nearly continuous temporal 
resolution over the wide area was taken here, in addition to the vertical profiles 
from TRMM PR. For a phenomenal understanding, temporal evolution of cloud 
pattern from IR measurements by MTSAT and high-resolution water vapor fields 
from MIMIC-TPW are first examined for the two events representing cold-type 
and warm-type heavy rainfall. Then, this study also investigates the temporal 
evolution of cloud patterns from the 10-year composite for each heavy rainfall 
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type and associated meteorological fields from reanalysis data in order to examine 
related thermodynamic features. 
The last topic of this thesis is an effort to understand cloud microphysical 
processes responsible for causing two types of heavy rainfall from the numerical 
experiments. First ideal storm experiments are undertaken based upon various 
thermodynamic environments to examine the cloud microphysics related to the 
heavy rainfall. Then real-case simulations are performed, with the use of various 
cloud microphysics schemes to evaluate the performance of those schemes in 
simulating the vertical structure of radar reflectivity over the Korean peninsula. 
Case simulations showing typical features of cold-type and warm-type heavy 
rainfall are also taken. 
In summary, objectives of this thesis are to examine characteristic features and 
to understand the evolution of heavy rainfall over the Korean peninsula under the 
humid East Asian environment. In order to accomplish intended objectives, 
following observational and modeling approaches are taken: 
(1) Classify heavy rainfall types over East Asia by analyzing the difference in 
vertical structure and then describe features (i.e., spatial frequency 
distribution, seasonal evolution, diurnal cycle, and environmental conditions) 
of classified heavy rainfall types. 
(2) Investigate the temporal evolution of cloud pattern for classified heavy 
rainfall types over the Korean peninsula and suggest possible mechanisms 
from synoptic weather environments.  
(3) Find evidences supporting the observational findings in view of the 
microphysical processes from idealized storm modeling experiments. 
(4) Evaluate the WRF microphysics schemes for simulating the vertical structure 
of summertime heavy rainfall over the Korean peninsula. 
(5) Examine the predictability of heavy rainfall over Korea based on the case 
study.   
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2. Satellite observation 
2.1. Data and method  
TRMM PR and TMI 
Four primary TRMM orbital data sets for version 7 are used here: PR-derived 
rain rates, radar reflectivity profiles (TRMM 2A25), storm heights (TRMM 2A23), 
and TRMM Microwave Imager (TMI) brightness temperatures at 85GHz (TRMM 
1B11) obtained from NASA Goddard Space Flight Center 
(http://mirador.gsfc.nasa.gov). The PR sensor was designed as an active radar 
receiving energy reflected by rain targets. It measures the radar reflectivity 
profiles at 13.8 GHz (Ku-band) with horizontal resolution of 5 km, 247-km swath, 
and vertical resolution of 0.25 km. Note that the spatial resolution is slightly 
changed from original setup since the TRMM orbit was boosted from 350 km to 
402.5 km in August 2001 to reduce atmospheric drag and save maneuvering fuel, 
thereby prolonging the mission lifetime. The observed reflectivity is converted to 
rain rate based upon Z-R relationship (Iguchi et al. 2000). This study uses near-
surface rain rate and storm height which is defined as the echo top height using 15 
dBZ as a criterion (Awaka et al. 1998). The northern boundary of the domain for 
the PR data analysis was confined as 36.25°N, by considering the northern limit 
of PR data coverage. 
The TMI sensor is a scanning passive microwave radiometer with vertical and 
horizontal polarization channels at 10.65, 19.35, 37.0, and 85.5 GHz, and a 
vertical polarization channel at 21.3 GHz (Kummerow et al. 1998). It has the 
highest horizontal resolution of 5.1 km at 85.5 GHz and comparatively broad 
swath of 878-km compared with that of PR. The depression of brightness 
temperatures at 85 GHz is a good indicator of the columnar ice water content 
since it is decreased by scattering interlinked with ice particles in cloud. This 
study uses the polarization corrected temperature (PCT) at 85 GHz which is 
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defined as a linear combination of horizontally and vertically polarized brightness 
temperatures (Spencer et al. 1989). The concept is designed to extract ice 
scattering signature and to eliminate emissivity differences across land and ocean 
to get more continuous precipitation field. Although the TMI observation covers 
up to about 39°N, this study uses the data only up to 36.25° to match up with PR 
data.  
Instantaneous TRMM PR and TMI data were accumulated over East Asia (10–
36.25°N, 100–150°E) for summer (June–August) period of 10 years (2002–2011). 
Among these data sets, the core data in this study are radar reflectivity profiles 
observed by PR. To objectively classify heavy rain types over the East Asian 
analysis domain, a K-means clustering algorithm (Anderberg 1973) was applied to 
the PR radar reflectivity profiles, and this is given in the form of a contoured 
frequency by altitude diagrams (CFADs; Yuter and Houze 1995) at each 5°×5° 
grid box of the domain. The clustering analysis was performed if the rain rate is 
greater than 10 mm h-1, thereby focusing on a rain rate with a moderate to heavy 
intensity. The K-means clustering algorithm aims to partition all CFADs into a 
predefined number (K) of the cluster centroid, by assigning each CFAD to the 
cluster with the nearest centroid. The predefined centroids are iteratively replaced 
with new centroids by calculating the respective Euclidian distances, until the sum 
of all the distances between individual histograms and the centroids satisfy a 
minimum. This process is repeated until convergence is reached. The K-means 
clustering algorithm has been widely used for classifying cloud types using the 
joint frequency distribution of cloud optical thickness and cloud top pressure 
(Jakob and Tselioudis 2003; Gordon et al. 2005, Chen and Del Genio 2009; Lee et 
al. 2013) and it referred to “weather state” analysis in that the classification is 
linked to the surrounding weather environment (Rossow et al. 2005). This study 
chose the clustering analysis in order to connect the clustering results obtained to 
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other independent data sets, and in so doing this study aims to obtain cloud 
patterns and the surrounding synoptic environments corresponding to the 
classified radar reflectivity patterns given in the form of CFADs.  
Geostationary satellites 
In order to obtain the necessary information required to offset the sparse 
observations made by the TRMM satellite (typically twice a day) and the limited 
spatial coverage of the 247-km swath of the PR sensor, this study utilizes 
continuous monitoring and the wider spatial coverage of the cloud system as 
measured by a geostationary satellite. The datasets used in this study are 3-hourly 
brightness temperatures at 11 μm (TB11) from the GridSat product (Knapp et al. 
2011; http://www.ncdc.noaa.gov/oa/gridsat), which includes measurements in its 
data sets from Japanese GMS-5, US GOES-9, and Japanese MTSAT-1R satellites 
covering the summers of 2002–2009. The 3-hourly data can thus be used to 
describe temporal variations in the synoptic-scale cloud system. However, in order 
to extend the temporal coverage into a more recent era (beyond 2009), and to 
match with data from the TRMM coverage, a two-year coverage (2010–2011) of 
TB11 data from MTSAT-1R and MTSAT-2 satellite measurements were 
additionally obtained from Chiba University, Japan (ftp://mtsat.cr.chiba-u.ac.jp), 
and combined with the GridSat data. As the spatial resolution of 0.07° for GridSat 
is different from that of 0.04° for MTSAT-1R and MTSAT2, the combined data 
were re-gridded into the common 0.25° × 0.25° format. 
The geostationary satellite-based TB11 data are used to identify evolutionary 
features of the cloud system within the synoptic scale motion, but were only 
employed over the area of the Korean peninsula if a TRMM PR-classified heavy 
rainfall type occurs in this area. Then, the composite of TB11 over the analysis 
domain was constructed for a two-day period spanning the time of the TRMM 
visit over Korea as the center of the time window, and searched for a picture 
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showing general movement of a cloud system over a period of 48 hours when the 
TRMM PR indicated a heavy rain event in this area. Since the TRMM overpass 
time over Korea is irregular, two adjacent 3-hourly TB11 data were interpolated to 
match with the TRMM overpass time. After repeating these procedures for the 
summers of 2002–2011, TB11 composites for heavy rainfall types over Korea 
were computed by counting heavy rainfall areas (i.e., a rain rate greater than 10 
mm h-1) over the Korean peninsula as a weight. 
ERA-Interim reanalysis 
In order to understand the influence of surrounding environmental conditions 
on heavy rainfall types, 6-hourly ERA-Interim reanalysis data in a 1°×1° grid 
format (Dee et al. 2011; http://apps.ecmwf.int/datasets/data/interim_full_daily) 
were collected for the same ten summers of 2002–2011. Since ERA-Interim data 
are not generally available at the TRMM overpass time, two adjacent 6-hourly 
ERA-Interim data were linearly interpolated to obtain the meteorological fields at 
the time of TRMM observation. The analysis data include temperature and water 
vapor profiles from 1000-hPa to 100-hPa levels, and column integrated 
parameters such as total precipitable water (TPW) and moisture flux convergence 
(ConQ). Convective available potential energy (CAPE) was also computed using 
temperature and water vapor profiles to diagnose the potential intensity of deep 
convection (Emanuel 1994). The column integrated parameters (CAPE, TPW, and 
ConQ) were used to examine the atmospheric conditions linked to the heavy 
rainfall types over East Asia.  
For the Korean peninsula, this study analyzes the time-lagged composite of 
synoptic fields in the upper (divergence, horizontal wind, and geopotential height 
at 200-hPa level), middle (vertical velocity, horizontal wind, and geopotential 
height at 500-hPa level), and lower (ConQ, and moisture flux and geopotential 
height at 850-hPa level) atmosphere for heavy rainfall types in the same ways 
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employed for the analysis of geostationary satellite data. The temporal evolution 
of equivalent potential temperature (Bolton 1980), relative humidity, divergence, 
and vertical velocity profiles for heavy rainfall types were further examined. 
Lastly, the time series of CAPE, TPW, and ConQ were investigated to 




2.2. East Asia 
2.2.1. Heavy rainfall type classification 
Fig. 1 delineates a schematic diagram explaining research flow. This study 
focuses only on heavy rainfall cases with rain rate greater than 10 mm h-1. The 
criteria of 10 mm h-1 corresponds the rain intensity of top 7.4% and cumulative 
rainfall of top 43% based on the statistics of TRMM PR measurements over the 
East Asia domain (10–36.25°N, 100–150°E) during 10 summers of 2002–2011. 
Total 1,656,418 radar reflectivity profiles with heavy rainfall were collected in the 
form of CFADs (45,483 cases) at each 5°×5° grid. Then the K-means clustering 
algorithm was applied to the CFADs in order to objectively classify the 
reflectivity profiles relevant to the heavy rain types. As a result of the cluster 
analysis, heavy rainfall types were largely divided into two categories (cold-type 
and warm-type). After that the characteristics of heavy rain types (i.e., spatial 
frequency distribution, seasonal evolution, diurnal cycle, and surrounding 
environmental conditions) were investigated. The subsequent analyses over Korea 
will be discussed in Section 2.3. 
The left panel of Fig. 2 represents the three vertical structures (in the form of 
CFADs) of heavy rain types classified using the K-means cluster analysis. Our 
reasons for selecting three types as an optimal classification are as follows: (1) 
Types 2 and 3 were merged into one when the cluster number is set up two; (2) a 
cluster number greater than 4 yielded results that are less physically consistent 
with known weather and climate features. The associated geographical frequency 
distributions are provided in the right panels of Fig. 2, and geopotential height and 
water vapor flux for the mean of the ten summers at 850-hPa level is shown at the 
bottom-right of the figure. 
Type 1, occupying 29.5% of the total reflectivity samples, indicates a well-
developed deep convective system with large reflectivity near the surface and a 
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high vertical extent (Fig. 2a). The geographical distribution for Type 1 shows that 
it occurs mainly over inland China, and has a much smaller frequency over the 
ocean, thereby geographically separating the distribution into land vs. ocean. The 
second type (i.e., Type 2) occurs more frequently (about 44%) than the other two 
types (29.5% for Type 1 and 26.7% for Type 3) and delivers a larger area of 
rainfall (1003 km2 within a given 5°×5° grid box) than the others (808 km2 for 
Type 1 and 140 km2 for Type 3), thereby contributing to a larger portion of the 
total rainfall. The vertical structure of Type 2 is characterized by a slightly smaller 
magnitude of radar reflectivity, a narrower reflectivity range, and a lower vertical 
extent than Type 1. The difference in vertical structure between Type 1 and Type 2 
resembles two groups separated by 8 km of the storm height over the Korean 
peninsula (Fig. 9 of S13). It is noted that the ice water content in the upper layer is 
largely expressed by the reflectivity itself because of the linear relationship 
between the logarithm of radar reflectivity and the ice water content (Sassen 
1987). Thus, Type 2 is considered likely to contain a much smaller ice water 
content above the freezing layer, in comparison with the much large radar 
reflectivity above the freezing level found in Type 1. For example, 5 dBZ of the 
mean reflectivity difference between Type 1 and Type 2 at an altitude of 7 km 
corresponds roughly to a 20% higher ice water content for Type 1, according to 
the relationship in Sassen (1987). Therefore, it is considered that Type 2 heavy 
rain is characterized by a small amount of ice water in the upper part, and that the 
lower part contains rain drops as large as those in Type 1. 
Meanwhile, the East Asian monsoon system is characterized by the largest 
rainfall for the summer period (June–August) under the humid environment (Lau 
et al. 1988; Ding and Chan 2005; Li and Chen 2005). The abundant water vapor in 
East Asian summer monsoon region is supplied from well-known large-scale 
circulation patterns: (1) the cross-equatorial flow associated with monsoon 
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circulation over the Indian Ocean, (2) the southeast flow associated with anti-
cyclonic circulation over the Western Pacific, and (3) the cross-equatorial flow 
north of New Guinea (Park et al. 2007). These large-scale features induce humid 
conditions along the western periphery of the North Pacific high. Since S13 
emphasized the impact of humid environment on the warm-type heavy rainfall 
(i.e., Type 2) over the Korean peninsula, we can expect rain characteristics in the 
humid regions along the western periphery of the North Pacific high similar to 
those found in Korea. 
In accordance with the expectation, Type 2 occurs fairly frequently in the East 
China Sea and oceans adjacent to the Korean peninsula and Japanese Islands, 
which are situated over the northwestern boundary of the North Pacific high, as 
well as a prominent occurrence over the tropical ocean region between 10°N and 
20°N. From the similarity between Type 2 and the warm-type heavy rainfall noted 
over Korea, it is evident that warm-type heavy rainfall is not just found locally 
over the Korean peninsula, but is also commonly found over humid oceanic 
regions from the tropical latitudes to the Asian monsoon area. It is noted that 
tropical oceanic type is also prevalent over mid-latitude regions (such as over 
Korea and Japan), probably because of the large amount of water vapor 
transported from the tropical ocean along the northwestern periphery of the North 
Pacific high, as shown in the contours and arrows given at the bottom-right of Fig. 
2. Additionally, note that the CFAD patterns of divided by the K-means clustering 
are not same as in S13 in the layer below about 2 km. It is known that the number 
of available data observed by TRMM PR decreases sharply below 2 km because 
of ground clutter contamination (Liu et al. 2008). Accordingly, the difference 
below 2 km was originated in that the K-means clustering in this study considered 
the contaminated cases as almost zero frequency, whereas the result of S13 was 
obtained by normalizing small samples due to ground clutter. 
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Type 3 is the heavy rain system confined within the lower layer (left panel of 
Fig. 2c), that occurs mainly over the center part of the North Pacific high (right 
panel of Fig. 2c) where persistent large-scale subsidence can be expected. 
However, Type 3 delivers a much smaller heavy rainfall area (140 km2) on 
average within a 5°×5° grid than the other two types. Furthermore, considering 
there is no distinct diurnal variation, as shown in Fig. 5 (detailed discussion is 
deferred), it is considered likely that Type 3 is associated with occasional moving 
tropical storms. Strong conjecture is that the ocean-type heavy rain system 
(characterized by Type 2) shrinks vertically when it moves across the strong North 
Pacific subsidence region. In line with this reasoning, this study therefore focuses 
on the first two types, namely Type 1 and Type 2. 
The reflectivity patterns and vertical extents given in the left panels of Fig. 2 
are similar to the reflectivity profiles for continental, monsoon, and oceanic 
regions (as noted in Fig. 3 of Xu and Zipser, 2012). In addition, the structures of 
CFADs for Type 1 and Type 2 are similar to the averaged profiles for tropical land 
and ocean regions, respectively (Fig. 9 of Liu et al. 2008). Therefore, Type 1 and 
Type 2 (as classified in this study) can be understood in a similar context as 
conventional continental and oceanic rainfall properties. However, this similarity 
does not undermine the value of this study which has classified rain types in 
relation to providing an explanation for most of the types over the whole analysis 
domain. In addition, associated spatial distributions can be drawn, which has not 
been possible with studies that analyze only the vertical structures for pre-defined 
regions. Instead of considering the most dominant rain type over a specific region, 
this approach provides information related to a combination of rain types (when 
these types are equally important) in any given region. In addition to the 
diagnostic view, such as in Xu and Zipser (2012) and Liu et al. (2008), this 
approach is also able to provide the temporal evolution of a spatial frequency 
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pattern which can be used to further study the development of Type 1 and Type 2 
heavy rainfall. These results will be described in Section 2.3. 
It is also notable that the spatial distributions of Type 1, Type 2, and Type 3 are 
similar to those of graupel-dominant, mixed, and frozen drop-dominant types 
which were revealed from the long-term in situ videosonde data (Takahashi 2006). 
He also found that graupel particles mostly lead to the growth of raindrop for 
producing heavy rainfall over the China inland area, whereas frozen drop is more 
associated with the growth of raindrop over the open sea. However, most heavy 
rain events were found over the maritime continent showing a mixed type, in line 
with that Type 2 is a mixture of Type 1 and Type 3. The graupel-dominant and 
frozen drop-dominant types also showed a distinct difference in the frequency of 
lightning flash since graupel particle developed in deep upper layer is more 
related with lightning than frozen particle around freezing level (Takahashi et al. 
2015), suggesting that Type 1 and Type 2 may exhibit a contrast in the lighting 
frequency. 
To examine the statistical characteristics of each heavy rainfall type, the 10-yr 
mean probability density function (PDF) of rain rate, storm height and PCT85, 
and heavy rainfall area are given in Fig. 3. Each PDF distribution in Figs. 3a–b 
was normalized by the total number of rain pixels for a particular type that shows 
a rain rate greater than 10 mm h-1. The total numbers showing a rain rate of >10 
mm h-1 for Type 1, Type 2, and Type 3 are 552,179, 1,017,705, and 86,534, 
respectively, and their respective mean rain intensities are 21.8, 20.1, and 16.8 
mm h-1. However, analysis shows that the cumulative rainfall (i.e., the occurrence 
frequency multiplied by rain intensity) of Type 1, Type 2, and Type 3 accounts for 
34%, 62%, and 4% of the total heavy rainfall over the whole East Asian domain, 
respectively, showing again that Type 2 is the most dominant rain type in yielding 
total rainfall. It is of interest to note (from Fig. 3a) that Type 1 and Type 2 appear 
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to have a similar PDF distribution, except rain rates between 10 mm h-1 and 15 
mm h-1 where Type 2 rain rates are slightly stronger.  
Since the K-means clustering used in this study seeks a typical type in scale of 
5°×5° grid, rain pixels with various storm height and ice water content may co-
exist within a grid box. The mean distributions for the mixed situation were given 
in solid line (storm height) and dashed line (PCT85) of Fig. 3b. The 10-year PDF 
distributions show that the storm height for Type 1 reaches up to 17 km, with a 
mean of around 7–8 km. In contrast, Type 2 shows a sharply dropping storm 
height pattern with a mode of around 7 km, resulting in a much smaller 
percentage of storm heights greater than 10 km in comparison with Type 1. The 
percentage of storm heights higher than 10 km for Type 1 and Type 2 are 26% and 
5%, respectively, and the lowest peak of the storm height in Type 3 is found at 
around 5–6 km. 
The PCT85 distributions are displayed in an orderly manner from the coldest 
in Type 1 to the warmest in Type 3 (Fig. 3b); a PCT85 colder than 200 K 
corresponds to 21%, 6%, and 0.6% of the total for Type 1, Type 2, and Type 3, 
respectively. Since PCT85 is largely attenuated by integrated ice water content in 
the upper part of convective clouds (Spencer et al. 1989), colder PCT85 implies a 
comparatively large amount of ice water than warmer PCT85. It is thus evident 
that Type 1 has more abundant ice water in the upper part of clouds than Type 2, 
and that the smallest ice water is found in Type 3. This interpretation appears to be 
consistent with interpretations from radar reflectivity as shown in the upper part of 
CFADs (Fig. 2), and is also consistent with other studies in spite of different 
approaches used. Analyzing the cumulative frequency distribution of PCT at 37 
GHz over the predetermined continental, monsoon, and oceanic regions, Xu and 
Zipser (2012) reported the same order of ice water content as in this study (i.e., 
continental > monsoon > oceanic regions). In East Asia, a significant difference 
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between land (southeastern part of China) and ocean (northwestern part of the 
Pacific including Korea and Japan) rain clouds has been noted (Fu and Liu 2003): 
convective rain over land is interlinked with a deeper layer and a stronger 
scattering signal in PCT85 than over the ocean for the same rain rate. Overall, 
these analyses confirm that deep convection reaching up to a high altitude and 
containing large ice water content is a main characteristic of Type 1. In contrast, 
Type 2 is characterized by a lower storm height and a reduced ice water content, 
although the rain rate distribution is very similar in both types.  
The PDF distributions of heavy rainfall area are given in Fig. 3c. Here the 
PDFs are normalized by the occurrences of heavy rainfall types (i.e., 13,425, 
19,925, and 12,134 events for Type 1, Type 2, and Type 3, respectively) unlike the 
heavy rainfall pixels (i.e., 552,179, 1,017,705, and 86,534 pixels for Type 1, Type 
2, and Type 3, respectively) in the Figs. 3a–b. Since the occurrence of heavy 
rainfall type is counted if there exists one or more heavy rainfall pixels within a 
given 5°×5° grid, heavy rainfall area smaller than 500 km2 is frequently found 
(Type 1: 59.6%, Type 2: 59.3%, and Type 3: 94.8%). The high frequency of small 
heavy rainfall area and quick reduction in frequency with increasing area for Type 
3 are associated with the smallest mean heavy rainfall area among three types, as 
noted in Fig. 2c. It is also of note that the orbit of TRMM PR with a narrow swath 
of 247 km sometimes does not cover all area of a fixed 5°×5° grid, thus causing 
more frequent small area than natural phenomena. One interesting point of note is 
that heavy rainfall area larger than 2000 km2 is frequently found in Type 2, 
consistent with the larger mean heavy rainfall area of Type 2 than that of Type 1 
(Figs. 2a–b). It implies that horizontally well-developed heavy rainfall system is 




Fig. 1. Schematic diagram showing procedures in Section 2. 
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Fig. 2. Vertical structure (left) and occurrence frequency distribution (right) of the 
heavy rain types classified by K-means clustering analysis. The percentage given 
in the left column represents the percentage occurrence of the corresponding type. 
The area given in the left of the diagram represents the rain area of a 5°×5° grid 
box, but averaged over the entire domain. Geopotential height (gpm, solid lines) 
and water vapor flux (m s-1, arrows) for the 10-year summer mean at 850-hPa 
level are also shown in the bottom-right figure. 
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Fig. 3. Distributions of probability density function (PDF) of (a) rain rate, (b) 
storm height and polarization corrected temperature (PCT) at 85 GHz, and (c) 
heavy rainfall area for three heavy rainfall types. Solid, dashed, dotted lines in (a, 
b) and black, grey, dark grey bars in (c) represent Type 1, Type 2, and Type 3, 
respectively; black and grey lines in (b) represent storm height and PCT85. 
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2.2.2. Seasonal evolution 
The seasonal march of the East Asia and western North Pacific summer 
monsoon displays a distinct stepwise northward and eastward advance (Wang and 
Lin 2002). According to the Fig. 6 of Wang and Lin (2002), the onset date contour 
of East Asian summer monsoon along with Meiyu-Baiu front is located around 
the zonal band over 25–30°N and 110–140°E at 1 June. The rain system 
propagates northward and extends to the Yangtze River Basin and the 
southwestern part of Japan until mid-June. Thereafter, it finally penetrates into the 
northern China, Korean peninsula, and central Japan by late June and early July. 
Meanwhile, the rainy season over the western North Pacific exhibits an eastward 
propagating pattern. Its onset takes place in mid-June over the southwestern 
Philippine Sea and extends to the northeast potion of western North Pacific 
domain around mid-August.  The resultant peak of rainy season happens mainly 
during four specific periods (illustrated in Fig. 7 of Wang and Lin 2002): 1) 26 
May to 9 June in the subtropical frontal zone extending from the southeastern 
China (20°N, 110°E) to the south part of Japan (30°N, 145°E), 2) late June in the 
Meiyu-Baiu frontal region (30°N, 105–140°E), 3) the second half of July over the 
north-eastern continental Asia including China and Korea, 4) mid-August in the 
western North pacific (15–25°N, 115–170°E). These stepwise jumps appear to be 
closely correlated with seasonal changes in the planetary frontal zone, westerly 
upper-level jet stream, and the North Pacific high (Ding and Chan 2005).  
The summer mean frequency distributions of classified rain types given in Fig. 
2 are further separated into monthly mean distributions (June, July, and August) to 
examine the evolutionary features of heavy rainfall types during the summer; a 
total of 9 patterns from 3 types × 3 months are given in Fig. 4. At any given grid 
point of Fig. 4, the total frequency from 9 patterns is set to 100%.  
Type 1, occupying about 7% of the total frequency during June, appears as a 
２４ 
dominant occurrence over inland China and the Indochina peninsula. During July, 
the frequencies are then largely confined within China, although Type 1 begins to 
extend eastward, reaching Korea and Japan and the frequency of occurrence 
increases to 11%. These features then prevail during August, with a slightly 
increased frequency over the area of the Korean peninsula. It is during this July–
August period when we observe increased convective instability over Korea (Lee 
and Byun 2011) and Japan (Chuda and Niino 2005) associated with deep 
convection (i.e., Type 1).  
On the other hand, Type 2 delineates an east-west elongated zonal pattern, 
centered at the 25–30°N and 10–15°N latitudinal bands, and over the 110–140°E 
longitudinal band in June. With the progress of the summer, the northern band 
moves northward over the regions of Korea and Japan in July, and the occurrence 
frequency increases from 12.3% in June to 15.4% in July. It is thought to 
correspond to the northward propagation of the East Asian monsoon (called 'Mei-
Yu' in China, 'Changma' in Korea, and 'Baiu' in Japan) front (Sohn et al. 2001; 
Yihui and Chan 2005). The latter band is located at the 10–15°N latitudes, and 
appears to expand and occupy most of the subtropical ocean in July. Although the 
analysis domain is limited north of 10°N, Type 2 is thought to predominate over 
most of the tropical ocean. The pattern in July appears to continue with a slightly 
more intensified frequency in August. The sudden increase of Type 2 over Korea 
and Japan during July appears to be related to the seasonal progress of East Asian 
monsoon rain band. However, the northward movement of the monsoon front may 
not entirely explain the prevalence of Type 2 during August because it disappears 
by the end of July, implying that other dynamical/physical mechanisms are 
involved. This possibility will be explored in Section 2.3. It is however considered 
of note that Type 2 over the subtropical oceans south of 20°N shows an eastward 
propagation of a high frequency area from June throughout July and August, 
２５ 
which appears to be consistent with the movement of the western North Pacific 
summer monsoon system (Wang and LinHo 2002). 
Type 3 displays a weak frequency in the southeastern corner of the analysis 
domain in June, but appears to occur more frequently during July and August, and 
has a northwestward movement with time. It is thought to be consistent with the 
northwestward expansion of the North Pacific high from June to August, leading 
to a conjecture that the shallow vertical extent of the reflectivity of Type 3 shown 
in Fig. 2 may be strongly related to the sinking motion of the high pressure system. 
In summary, with seasonal progress the continental type heavy rainfall (Type 1) 
expands eastward to the area of Korea and Japan, while the oceanic type heavy 
rainfall (Type 2) tends to expand northward to influence the area. Such an 
expansion in different directions could lead to the co-existence of the two rain 
types, particularly over the Korea-Japan region during the summer, as noted in 
S13. These mixed features will be further examined in Section 2.3. 
  
２６ 
Fig. 4. As in the right panels of Fig. 2, but for June, July, and August.   
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2.2.3. Diurnal cycle 
The orbit of the TRMM satellite has a 35° inclination angle, which allows the 
opportunity to examine the diurnal variation in each classified heavy rainfall type. 
This diurnal variation is presented by the number of pixels showing heavy rainfall 
greater than 10 mm h-1 (Fig. 5a). It is clear that the local maximum occurrence of 
Type 1 takes place during 1400–2000 LT, occupying 35% of the total occurrence 
area, and that it rarely occurs between 0800–1200 LT. These variations are 
consistent with results of other studies that showed an afternoon peak of rainfall 
over the land (Takayabu 2002; Nesbitt and Zipser 2003; Yang and Smith 2006; 
Yamamoto et al. 2008). It is also of note that Type 1 tends to have an amplitude 
smaller than that found for the typical continental type rainfall (Zipser et al. 2006; 
Yu et al. 2007). 
Type 2 shows a much more fluctuating pattern, with no distinct peak except 
for a local maximum from early morning (around 0400 LT) to local noon. The 
peak of total rainfall over the ocean is generally known to occur in the early 
morning at around 0300–0600 LT, indicating that the direct radiative effect is a 
dominant control for the diurnal cycle over the ocean (e.g., Takayabu 2002; 
Nesbitt and Zipser 2003; Bowman et al. 2005; Liu and Zipser 2008). When 
comparing diurnal variations in respect to total rainfall, Zipser et al. (2006) 
showed a smaller amplitude of heavy rainfall over the global ocean. In addition, 
Fujibe (1999) and Fujibe et al. (2006) showed that the early morning peak of the 
diurnal cycle tends to become more distinct for heavy precipitation cases over the 
Japanese islands than for weaker precipitation cases, suggesting that diurnal 
variations of heavy rainfall may be locally different. In line with such a locally 
different diurnal variation for heavy rainfall, this study indicates that the Type 2 
heavy rainfall occurring mostly over the tropical ocean tends to show a broader 
peak over the period from early morning to daytime (i.e., 0300–1200 LT). 
２８ 
Because there is a mean in the diurnal variation of Type 2 over the area it 
covers, including the most subtropical ocean as well as the mid-latitudes, it is 
interesting to examine the latitudinal dependency. In doing so, the mean variation 
is divided into one that represents north of 30°N and the other south of 30°N (Fig. 
5b). No dominant peak is shown in the region south of 30°N, although the general 
shapes are quite similar that of the Type 2 in Fig. 5a. However, a more distinct 
morning maximum (0500–1000 LT) and a weak afternoon minimum (at around 
1800 LT) are evident for Type 2 north of 30°N. These min/max distributions are 
consistent with the diurnal variation in total rainfall over the Korean peninsula 
(Sohn et al. 2010) and the coastal region of Japan (Oki and Musiake 1994). This 
therefore implicitly indicates that diurnal variation found in the total rainfall over 
Korea and Japan is closely associated with Type 2 variation. More importantly, the 
diurnal variation of Type 2 north of 30°N is meaningfully different from that 
found over the subtropical ocean south of 30°N. 
As noted in Fig. 2, the contribution of Type 3 to total heavy rainfall is minimal, 
and furthermore no distinct diurnal variation is seen. Accordingly, conjecture is 




Fig. 5. (a) Diurnal variations of the occurrence of heavy rainfall types. Number of 
heavy rainfall pixels greater than 10 mm h-1 is given in ordinate. (b) Diurnal 






























Type 2 (latitude < 30  N)





































2.2.4. Environmental conditions 
To understand the important mechanisms linked to heavy rainfall types, this 
study examines the synoptic environmental conditions prevailing during the 
TRMM-observed heavy rain events. Convective available potential energy 
(CAPE), total precipitable water (TPW), and column-integrated water vapor flux 
convergence (ConQ) are considered as environmental parameters in this analysis. 
It should be noted that the CAPE used in this study is based on the temperature 
and water vapor profiles at 1°×1° grid, and as such it is a qualitative measure of 
conditional instability rather than the quantified buoyancy within the actual rain 
cloud. To derive the 10-year mean environment, CAPE, TPW, and ConQ were 
estimated from ERA-Interim reanalysis at the designated times, and were then 
interpolated into values at the TRMM visit time.  
Fig. 6a shows the frequency distribution of CAPE for heavy rainfall types. 
The ordinate was expressed as a logarithmic form to highlight the extreme 
condition associated with heavy rainfall. The distribution of CAPE can be divided 
by three ranges: CAPE < 500, 500 < CAPE < 1500, and CAPE > 2000 J kg-1. The 
frequencies of Type 1 (solid line) and Type 2 (dashed line) were greater than that 
of Type 3 (dotted line) when CAPE value was less than 500 J kg-1, whereas the 
trend was changed into the predominance of Type 2 and Type 3 when the CAPE 
value was in between 500 J kg-1 and 1500 J kg-1. The former condition is close to 
the mean value over mid-latitude and the latter corresponds to the climatology 
over the tropical ocean. Notable point is the high frequency of Type 1 with CAPE 
larger than 2000 J kg-1, suggesting the great possibility of severe weather with 
thunderstorm clouds (Brooks et al. 2003). This environment condition is favorable 
for the formation of Type 1 on the grounds that the Type 1 indicates a well-
developed deep convection. On the other hand, Type 2 and Type 3 are 
characterized by the humid and strong moisture convergence conditions, 
３１ 
compared with Type 1 (Fig. 6b). Especially, the frequent large TPW and ConQ 
conditions are considered as a crucial reason that Type 2 produces heavy rainfall 
in spite of the less-developed system (or warm type heavy rainfall).  
In order to further examine the environmental condition associated with heavy 
rainfall types, the spatial distribution of CAPE (top), TPW (middle), and ConQ 
(bottom) for the three heavy rainfall types are analyzed (Fig. 7). These mean fields 
were constructed by weighting with the heavy rainfall area for each rain type. In 
this figure, only the areas showing an occurrence frequency higher than 25% are 
plotted in order to avoid statistically insignificant features. It can be seen that 
Type 1 has a generally larger CAPE over land in comparison with Type 2. Type 3, 
which is mostly found over the oceanic area, shows similar features to Type 2. 
Because CAPE can be determined by the combined effects of the steep lapse rates 
in the mid-troposphere and the abundant boundary-layer moisture (Brooks et al. 
2003), and because inland China is shown to be relatively dry compared to the 
TPW shown in Type 2, we can suspect that the relatively large CAPE of Type 1 
(compared to Type 2) is mainly due to the temperature lapse rate, rather than to 
the TPW influence. As the area showing a larger CAPE over inland China is well 
collocated with the area showing the Type 1 reflectivity profile, it is suggested 
that the well-developed reflectivity pattern shown in Type 1 is likely to be 
associated with the convectively unstable condition.  
In contrast, most of subtropical oceanic area is subjected to very humid 
condition in Type 2, and this humid area appears to extend northward to include 
East China, Korea, and Japan. In particular, the humid area along the western rim 
of the North Pacific high appears to be related to strong moisture convergence 
(Fig. 7h) conditions, compared with two other types. One of salient features found 
in Type 2 is that CAPE shows a strong gradient across 25°N, and the lower CAPE 
area in the north contrasts with the higher CAPE area in the south, although TPW 
３２ 
shows a rather continuous geographical distribution. Therefore, even if both areas 
are subject to Type 2 heavy rainfall it is suggested that different precipitation 
mechanisms cause the heavy rainfall to the north and south of 25N. This will be 
further discussed in Section 2.3.4 (Fig. 17).  
 
Fig. 6. The PDFs of (a) convective available potential energy (CAPE), and (b) 
total precipitable water (TPW) and vertically integrated moisture flux 
convergence (ConQ) for heavy rainfall types. Solid, dashed, and dotted lines 
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Fig. 7. Spatial distributions of mean convective available potential energy (CAPE), 
total precipitable water (TPW), and column-integrated water vapor flux 
convergence (ConQ) for Type 1 (left), Type 2 (middle), and Type 3 (right). 




The Korean peninsula is considered to be a region with a unique precipitation 
mechanism, characterized by large-scale convergence and thermodynamically 
neutral conditions (Hong 2004). The resultant summertime (June–August) rainfall 
over the Korean peninsula region is known to be one of the largest amongst mid-
latitude regions (available in TRMM Online Visualization and Analysis System; 
http://disc.sci.gsfc.nasa.gov/precipitation/tovas) in spite of extremely lower CAPE 
condition in the same latitude (Riemann-Campe et al. 2009). Also interesting 
point is that the mixed heavy rainfall types from continental and oceanic origins 
are found over the Korean peninsula (Fig. 4).  
The study to this point has shown that the warm-type heavy rainfall (Type 2) 
over the Korean peninsula is closely associated with large-scale synoptic forcing 
(S13). This research now examines the spatial and temporal evolution of the cloud 
systems and associated synoptic environmental conditions. As the first step, this 
study analyzes typical cold-type (Section 2.3.1) and warm-type (Section 2.3.2) 
heavy rainfall events to investigate phenomenal features. Then in order to gain an 
understanding of their spatio-temporal evolution, the time-lagged composite fields 
of clouds and environmental conditions are constructed for a –1 to +1 day period, 
in which heavy rainfall time occurring over the Korean peninsula, i.e., the TRMM 
visit time, is located at the center of the period (Fig. 1). Although classification of 
heavy rain types can be made with a 5°×5° grid domain, to optimize results for 
this region this study applied K-means clustering analysis only over the Korean 
peninsula domain (34–36.25°N, 126–130°E). Results show that if we take only 
the vertical structure and frequency into consideration, the resultant classified 
heavy rain types are not significantly different from those in Fig. 2. However, the 
more dominant Type 2 represents about 60% of the total heavy rain cases, i.e., 
9405, 16823, 1126 pixels for Types 1, 2, and 3, respectively.  
３５ 
Hereafter, Type 1 and Type 2 are referred to as "cold-type" and "warm-type" 
heavy rainfall, as referred to in S13. Type 3 is excluded from further analysis 
because of its limited contribution (about 4% of the total).  
 
2.3.1. Cold-type heavy rainfall event 
A cold-type heavy rainfall event (0940UTC 22 August 2008) occupying with 
wide heavy rainfall area above 10 mm h-1 (3,554 km2 for this event) was selected 
in order to strengthen the spatial representation. It is notable that this event 
corresponds to August and afternoon in a consecutive context of Section 2.2.2–3. 
The selected event exhibits the distributions of heavy rainfall over the south part 
of Korean peninsula (Fig. 8a). At the same time, heavy rainfall area with storm 
height higher than 10 km (Fig. 8b) and PCT85 colder than 200 K (Fig. 8c) were 
observed. These features are consistent with the frequency distribution of storm 
height and PCT85 for the classified cold-type (Fig. 3b). The TRMM-observed rain 
characteristic indicating deep convection and abundant ice crystals appears to be 
related with the lighting activity (Fig. 8d), which was obtained from Total 
Lightning Detection System of Korea Meteorological Administration 
(http://www.kma.go.kr/weather/images/lightning.jsp). Lightning is known to be 
generated through the charge separation by collision of ice particle in the presence 
of super-cooled water in mixed phase region (Williams et al. 1991). For the reason 
above, the cold brightness temperature at 85 GHz depressed by the scattering of 
ice particles (Fig. 8d), strongly indicating a frequent occurrence of lighting flash 
in the cold-type heavy rainfall event. 
In order to further investigate the growth and decay processes of cold-type 
heavy rainfall, this study got help of geostationary satellite (MTSAT-1R) TB11 
data. Fig. 9 displays the spatial distribution of 3-hourly TB11 for the period from 
2130 UTC 21 August 2008 to 2130 UTC 22 August 2008. A cloud system with 
３６ 
convective core exists along the coastline around downstream of the Yangtze 
River at 2130 UTC August 21. In 0030 UTC August 22, a new convective core is 
generated in the northern part of previous core (34°N, 124°E) and its size is about 
6×103 km2 when applying the boundary criterion of 230 K as cloud top 
temperature. Then the cold core of cloud system moves eastwards with zonal 
velocity of 13 m s-1 and develops in size: 30×103 km2 (0330 UTC), 80×103 km2 
(0630 UTC), 113×103 km2 (0930 UTC), and 119×103 km2 (1230 UTC). It takes 9–
12 hours to build a mesoscale convective system with a size of about 300 km from 
initial convective core. The cloud system arrives in the southern part of the 
Korean peninsula in the mature stage and TRMM overpass time (0937 UTC) 
belongs to this period. At that time, the cloud system with an oval-shape area of 
low cloud-top temperature corresponds to the cloud cluster type by the 
classification of Lee and Kim (2007) based on the phenomenological analysis. 
The cloud system then undergoes the sequential shrinking in horizontal size 
(89×103 km2, 68×103 km2, and 22×103 km2 from 1530 UTC to 2130 UTC) and 
finally dissipates while landing in Japan. Meanwhile, the two regions indicated by 
warm TB11 greater than 290 K (nearly surface) represent the continental air mass 
(cold and dry condition) and oceanic air mass (warm and humid condition). The 
large scale convergence between two air masses is thought to make a favorable 
condition for the development of cloud system over the Korean peninsula.  
Since the cold-type heavy rainfall event is characterized by the deep layer, the 
thermodynamic structure needs to be investigated. Here radiosonde observations 
can provide critical information on convective instability. The radiosonde data 
used in this study were obtained from the University of Wyoming 
(http://weather.uwyo.edu/upperair/sounding.html). In 12 UTC August 21, the 
Sheyang station (33.76°N, 120.25°E), which is located in the downstream of the 
Yangtze River, recorded a high CAPE value of 2584 J kg-1. The high CAPE 
３７ 
condition can be regarded as a precursor to the development of convective core. In 
addition, the CAPE values from 1178 J kg-1 to 555 J kg-1 were reported for the 
period of 00–12 UTC August 22 over the Jeju Island (33.28°N, 126.16°E), which 
is located in the south of Korea. Furthermore, the ERA-Interim forecast data 
exhibit a high CAPE area over the Yellow Sea at 00 UTC August 22 (Fig. 10). 
These results lead us to the description that the cold-type heavy rainfall event was 
generated under the convectively unstable condition. However, the above 
interpretation requires a caution because large-scale convergence can also 
influence on the formation of cold-type heavy rainfall over the Korean peninsula. 
The large-scale convergence can complement the week convective instability 
condition over the Korean peninsula, and thus leads to produce heavy rainfall. The 
coexistence between dynamic (large-scale convergence) and thermodynamic 
(convective instability) forcings is considered an interesting characteristic in the 
formation mechanism of heavy rainfall over the Korean peninsula. 
  
３８ 
Fig. 8. Cold-type heavy rainfall event (0940 UTC 22 August 2008: TRMM/PR-
observed (a) rain rate and (b) storm height, (c) TRMM/TMI-observed the 
polarization corrected temperature at 85 GHz (PCT85), and (d) cloud-to-ground 
lightning flash from KMA (http://www.kma.go.kr/weather/images/lightning.jsp).  
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Fig. 9. Horizontal distributions of brightness temperature at 11 μm (TB11) from 




Fig. 10. Spatial distributions of convective available potential energy (CAPE) 
from ERA-Interim data at 0000 UTC 22 August 2008. 
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2.3.2. Warm-type heavy rainfall event 
A warm-type heavy rainfall event (0000 UTC 22 June 2009) was selected by 
considering the vertical structure and horizontal extent from the TRMM PR 
measurements. It is notable that this event corresponds to June and morning in a 
consecutive context of Section 2.2.2–3. The warm-type event shows a widespread 
heavy rainfall area above 10 mm h-1 of 11,840 km2 over the southern part of the 
Korean peninsula and the East Sea (Fig. 11a). The spatial distributions of storm 
height and PCT85 for the warm-type event exhibit relatively low storm height 
(Fig. 11b) and warm PCT85 (Fig. 11c), thereby contrasting with the cold-type 
event. These features indicate that the cloud system develops with vertically 
limited extent and small amount of ice water content despite the production of 
heavy rainfall. In addition, the system does not accompany lightning activity in 
relation with low storm height and small amount of ice water, except for few 
lightning flashes in the southeast of the Korean peninsula (Fig. 11d). 
As in Fig. 9, the temporal evolution of TB11 pattern was analyzed for the 
period from 1230 UTC 21 June 2009 to 1230 UTC 22 August 2008 (Fig. 12). In 
1230 UTC June 21, a convective system occupying wide area of 265×103 km2 
when applying the boundary criterion of 230 K is found in the downstream areas 
of the Yangtze River. This initial condition is analogous to the cold-type heavy 
rainfall event (2130 UTC August 2008). Also noted are the locations of typhoons 
over the South China Sea, indicated by a wide cold TB11 area. The remote effect 
of tropical cyclones on heavy rainfall over the Korea peninsula was already 
statistically documented by Byun and Lee (2012). Their study highlighted the 
importance of typhoon location (at least higher than 20°N) and North Pacific high. 
In the cold-type event, the initial center of Typhoon Nuri was placed below 20°N 
latitude and blocked by the North Pacific high (2130 UTC 21 August 2008 in Fig. 
9), thereby the effect of typhoon on the convective system over the Korean 
４２ 
peninsula was much limited. In contrast for the warm-type event, the center of 
Typhoon Linfa is located higher than 20°N latitude and also the western boundary 
of the North Pacific high is formed to the east of 125°E (0030 UTC 22 June 2009). 
This environmental setup can supply a tremendous amount of moisture into the 
Korean peninsula and modify the characteristic of cloud system. After 1230 UTC 
21 June, the area of convective core continuously decreases, moves 
northeastwards, and penetrates into the Korean peninsula with relatively warm 
cloud top temperature. Since the frontal band moves in the direction parallel to the 
band and cloud system also moves along the band, the selected warm-type heavy 
rainfall event corresponds to the convection band type, according to the 
classification of Lee and Kim (2007) based on the phenomenological analysis. In 
the TRMM overpass time (0030 UTC 22 June), the large-scale convergence 
between the northwest (cold and dry) and southeast (warm and humid) air masses 
with the high TB11 (greater than 290 K) is strengthened and then it induces a 
wide frontal line from southwest to northeast. After the overpass of TRMM 
satellite, the frontal line is more strengthened by the remnants of Typhoon Linfa 
and moves southward.  
In order to examine the impact of water vapor supply on warm-type heavy 
rainfall, e temporal evolution pattern of water vapor fields are further investigated 
(Fig. 13). High-resolution TPW data with a horizontal resolution of 0.25° were 
obtained from Morphed Integrated Microwave Imagery at CIMSS (MIMIC) 
website (http://tropic.ssec.wisc.edu/real-time/mimic-tpw/global/main.html). The 
TPW product was made through the combination between microwave 
observations of polar orbiting satellites (SSM/I on DMSP-13/14 satellites and 
AMSR-E on Aqua satellite) and forecast wind fields (Wimmers and Velden 2011). 
Initially, two maximum water vapor zones are found over the zonal belt from 
Yellow Sea to Japan and around Typhoon Linfa (1230 UTC 21 June 2009). The 
４３ 
two water vapor zones are merged into one in the TRMM overpass time (0030 
UTC 22 June 2009), and then it propagates eastward. This long, narrow, and 
intensive water vapor band is called as “atmospheric river” which is at the root of 
most flooding (Ralph and Dettinger 2011). The TPW larger than 60 mm in the 
atmospheric river corresponds to the extreme condition which can be found in the 
tropics. However, extremely lower CAPE values (77 J kg-1 for 1200 UTC 21 June 
2009, 0 J kg-1 for 1800 UTC 21 June 2009–1200 UTC 22 June 2009) were found 
in the radiosonde data at the Kwangju station (35.11°N, 126.81°E), indicating that 
convective instability cannot explain the formation mechanism of warm-type 
heavy rainfall. Instead of the convective instability, the rapid growth of water 
droplet through the collision-coalescence process under the humid condition is 
thought to produce flash floods in a short time, as suggested in S13. Therefore, an 
atmospheric river-like water vapor transport channel across the Korean peninsula 








Fig. 12. As in Fig. 9, but for the period of 1230 UTC 21–1230 UTC 22 June 2009.   
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Fig. 13. Spatial distributions of total precipitable water (TPW) from Morphed 
Integrated Microwave Imagery at CIMSS (MIMIC) TPW products for 1230 UTC 
21–1230 UTC 22 June 2009. 
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2.3.3. Cloud pattern composite 
For the examination of the spatial and temporal evolution of cloud systems 
associated with cold- and warm-types, 10-yr composites of TB11 were 
constructed by weighting selected TB11 for the ±1 day period with heavy rainfall 
pixels found at zero hour (or centered) over the Korean peninsula. A total of 172 
cold-type events, and 233 warm-type events were selected, consisting of 9,405 
and 16,823 TRMM PR pixels, respectively. Composites were obtained by 
weighting with the heavy rainfall area for each rain type. 
Ten-year composites of selected cases for the two rain types at '0' hour are 
given in Figs. 14a–b, where the area showing a relatively cold TB11 is believed to 
be a cloudy area. Warmer areas generally represent clear or shallow type clouds, 
and therefore the cloud area over the Korean peninsula region appears to be 
sandwiched by the North Pacific high in the southeast and the warm TB11 area in 
northeast part of China, implying that the Korean peninsula is located between 
moist maritime air mass and dry continental air mass. Despite having a similar 
distribution, there appears to be a smaller and more confined area of the cold-type 
directly over the peninsula (Fig. 14a), whereas the warm-type (Fig. 14b) shows an 
extended pattern from southwest to northeast. Taken together with the diurnal 
frequency maxima (late afternoon vs. early morning) of cold-type and warm-type 
heavy rainfall in Fig. 5, these results are consistent with findings from ground-
based radar observations over the Korean peninsula, thereby showing that small-
scale (micro α to meso β) convective clouds are frequently found in the afternoon 
and that convective clouds associated with meso-α scale system tend to be found 
mainly in the morning (Jung 2014). One interesting point of note in relation to the 
warm-type is the warmer brightness temperature over the North Pacific high, 
suggesting a strengthened high. Also of note is the stronger brightness temperature 
gradient for the warm-type between the Korean peninsula and the North Pacific 
４８ 
high. These features suggest that the warm type is under better conditions of 
organizing the large-scale water vapor flow onto the Korean peninsula area than 
for the cold-type. 
As suggested by the pattern of more elongated convective system, the warm-
type appears to have longer life time (Figs. 14c–d). Therefore, in order to examine 
the temporal evolution of the cloud system over a 48-hour time window centering 
on the heavy rain event, the constructed TB11 data were obtained with time; here, 
the area showing TB11 as colder than 268 K is outlined to provide a migratory 
feature. In Figs. 14c–d, the numbers in the color scale from –24 hour (blue color) 
to +24 hour (red color) represent the corresponding hour (i.e., –24 to +24 h). The 
cold-type appears to initiate from the Yellow Sea, as there are many scattered and 
spotted cold TB11 areas over the Yellow Sea at around –24 hour (these were 
excluded from Fig. 14c). These scattered areas then appear to move eastward 
toward the Korean peninsula, where they form an organized cloud system at 
around –18 hour. The developed system then stays over the Korean peninsula area 
until it starts to move eastward after the heavy rain event (grey contour), and after 
this point it dissipates. 
In contrast, the warm-type shows a continuously moving feature throughout 
the 48-hour analysis time window, resulting in substantially different evolutionary 
features of a moving cloud system in comparison with those of the cold-type. 
These features appear to be consistent with the geographical distributions of 
lightning flash counts; frequent distributions are mostly found along the western 
part of the Korean peninsula while the southern coastal area shows significantly 
less lightning in spite of more heavy rainfall (Kar and Ha 2003). This feature is 
related to the abundance of ice water contained in the cold-type, which are 
necessary for lightning occurrence (Williams et al. 1991), as it moves from the 
Yellow Sea and approaches the peninsula from the west (shown in Fig. 14c). In 
４９ 
contrast, the warm-type contains large amounts of liquid water as it crosses the 
southern part of the peninsula on its trajectory from southwest to northeast. In 
contrast to the short-lived cold-type, the warm-type tends to be longer-lived due to 
the slow movement of the wider cloud system, often causing heavier cumulative 
rainfall in spite of the slightly lower rain intensity compared to the cold-type (Fig. 
3a). It is therefore considered that the longer duration of warm-type heavy rainfall 
is an important characteristic, and gaining knowledge of this will contribute to 
understanding the total cumulative heavy rainfall over the Korean peninsula.  
 
Fig. 14. Composite distributions of brightness temperature at 11 μm (TB11) for 
the (a) cold-type and (b) warm-type heavy rainfall determined at the TRMM 
overpass time over the Korean peninsula (inner rectangle). (c–d) The time 
variation of the TB11 area colder than 268 K. Individual color contours given in 
the bottom figures denote lead-lag hours for the period of ±1-day centered at the 
TRMM visit time, and the corresponding time is given in the color bar on the right. 
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2.3.4. Synoptic environment composite 
It has been noted that the warm-type heavy rainfall over the Korean peninsula 
during the summer is closely related to the water vapor flux convergence onto the 
region occurring in the northwestern rim of the North Pacific high (S13). It is 
therefore necessary to consider how the synoptic conditions and their evolution 
with time are related to both cold- and warm-types, and to the features of the 
cloud system seen in the analysis of satellite images. In order to understand these 
issues, time series of the following are constructed in the same way as for the 
TB11 composites: divergence, horizontal wind, and geopotential height at the 
upper 200-hPa level; vertical velocity, horizontal wind, and geopotential height at 
the middle 500-hPa level; ConQ, and water vapor flux and geopotential height at 
the lower 850-hPa level. Also examined are the vertical profiles of equivalent 
potential temperature, relative humidity, divergence, vertical velocity for two rain 
types, and the time series of CAPE, TPW, and ConQ over the Korean peninsula. 
The westerly wind pattern of the upper-level jet given in Figs. 15a–b suggests 
a weak baroclinicity across mid-latitudes in the analysis domain, which tends to 
be stronger for the warm-type. In addition, the synoptic-scale horizontal 
divergence in the order of 10-5 s-1 is larger for the warm-type than for the cold-
type. The upper level features should be closely related to the stronger and 
broader vertical velocity shown in the middle 500-hPa level (middle panels), but 
the trough in the geopotential field appears to be located in the west of the 
convective system regardless of rain types. It is important to note that the North 
Pacific high appears to be stronger, and to intrude further northwestward in the 
warm-type, thereby establishing a stronger pressure gradient across the west 
Japanese islands and Korean peninsula. Such a relationship to the pressure system 
change caused by intensification of the North Pacific high is more obvious in the 
lower part of the atmosphere (i.e., at 850-hPa level in Figs. 15e–f). Intensified 
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cyclonic vorticity is also visible on the 850-hPa geopotential field, to the west side 
of the peninsula, also contributing moisture flux convergence onto the peninsula. 
The increased advection of cyclonic vorticity from the trough shown in Fig. 15d 
should be an important factor enhancing the vertical motion for the warm type. It 
is because the increase of positive vorticity advection with height from the trough 
can build the divergence in the upper layer (Holton 1979). In addition, note that 
the maximum gradient of geopotential height (thus strong low-level jet) was 
located in the southeast of the Korean peninsula. This result also coincides with a 
dynamical description that heavy rainfall occurs in the left-front quadrant of 
maximum low-level jet (Chen 1982). 
It is of note that these results are based on the synoptic composites of 
reanalysis data, implying that on a convective scale at least in PR-pixel size the 
cold-type should have stronger vertical motion, as inferred from higher echo top 
height and larger reflectivity in the upper layer shown in the vertical structure of 
Fig. 2a. Thus the warm-type has more synoptically driven heavy rainfall under the 
large-scale synoptic conditions, inducing low-level moisture flux convergence, 
larger vertical velocity, and high-level divergence. In contrast, the cold-type has 
much smaller meso-scale features that might not easily be detected by the 
synoptic-scale composite. This interpretation is also consistent with the wider 
cloud area for the warm-type (Fig. 14b) than the cold-type, which tends to be 
locally organized (Fig. 14a). 
The temporal evolution of synoptic variables during the course of the 
development of the cloud system was then explored. Using the same method as 
for the construction of TB11 composites, the areas satisfying ( 200 hpa  VÑ
ur
g > 5 × 
10-6 s-1, ω500 hPa < –3 hPa h-1, ConQ > 0.1 g m-2 s -1) criteria are delineated in Fig. 
16 within a ±1-day time window. At a first glance, the composite patterns of 
upper-level divergence, 500-hPa p-velocity, and lower-level moisture convergence 
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appear to be similar to the evolutionary features shown in TB11 for the cold- and 
warm-types (Fig. 14). Areas meeting criteria for the cold-type are seen to be 
focused right over the Korean peninsula, until they move eastward after the rain 
event that occurs at zero hour, whereas areas for the warm-type continuously 
move through the peninsula. 
 Up until this point it was assumed that the cold-type is a more locally 
organized land-type heavy rainfall comprised of tall convective cloud system, in 
contrast with the more synoptically-induced ocean-type heavy rainfall from 
moderately tall convective cloud systems (i.e., warm-type). Thus, at this point it is 
quite interesting to examine what thermodynamical structures in the synoptic 
scale provide the environment that is responsible for the significantly different 
vertical/horizontal extents of the cloud system (at least for the warm-type). In 
relation to this enquiry, time series of the vertical distribution of meteorological 
variables averaged over the Korean peninsula domain (34–36.25°N, 126–130°E; 
outlined as a rectangle in Figs. 14-16) are examined. Thus, the composites shown 
in Figs. 17,19-20 represent a southern part of the South Korean land mass plus 
adjacent ocean. 
The vertical distribution of equivalent potential temperature (qe; colors) is 
embedded with the relative humidity profile (RH; dotted line in Fig. 17). The 
cold-type shows a near symmetrical pattern centered at the heavy rainfall event 
observed at the time of the TRMM visit (i.e., 0 hour), although the RH appears to 
be higher after the event, especially in the lower layer below the 850-hPa level 
(Fig. 17a). There is an increasing tendency of qe until 0 hour, with a minimum at 
around 600 hPa. High qe appears to be prevalent throughout 48 hours in the lower 
layer below 900 hPa, building a strong vertical gradient of qe.  
In contrast, the warm-type shows very different features to those found in the 
cold-type, i.e., asymmetric qe and RH distributions, much weaker vertical 
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gradients of both qe and RH compared with the cold-type, and lower qe in the 
boundary layer (Fig. 17b). Noting that the difference in qe at zero hour between 
600 and 1000 hPa is 6 K higher for the cold-type due to the higher qe near surface 
and lower near 600-hPa level, the cold-type holds better conditions for convective 
instability. In contrast, the much weaker qe gradient in the warm-type suggests 
that convective instability should not be the main mechanism causing the heavy 
rainfall, as already suggested by much lower CAPE in spite of humid condition 
(Figs. 6–7). Also of note is the continuous maintenance of such a vertical 
distribution even after zero hour, because it may suggest a longer duration of 
rainfall. It was already noted in the evolutionary features of the satellite images of 
TB11 and the synoptic variables.  
The obviously smaller CAPE and small vertical variation of θe for the warm-
type heavy rainfall over the Korean peninsula are substantially different from 
those found in tropical/subtropical oceans (e.g., western Pacific; Figs. 17c–d) for 
the ocean-type heavy rainfall in spite of similar Type 2 reflectivity profiles (Fig. 
2b). Over the western Pacific, the θe is rapidly decreased with the increase of 
height, thus resulting high CAPE condition (1443 J kg-1 for Fig. 17d). Less 
convectively unstable condition prevailing over longer time is a key feature of 
inducing the warm-type heavy rainfall over the Korean peninsula area. This is 
evidently different from the heavy rainfall mechanism under the unstable 
environment associated with CAPE that is larger than 1000 J kg-1 over the 
tropical/subtropical regions (Masunaga 2012). Lucas et al. (1994) offers possible 
reasons for the weaker oceanic convection despite similar CAPE value in the 
continental convection. They noted that over the ocean, the positive CAPE area in 
the sounding is generally “skinny” with smaller instability, but the total high 
CAPE is generated through a deeper positive CAPE layer. Thus, oceanic 
convection has weaker vertical motion than continental convection in spite of the 
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compatible CAPE value. Because of the weaker vertical motion, precipitation 
particles mainly reside in comparatively lower altitude, confining the PR radar 
reflectivity within the lower layer than the continental Type 1, as described in Liu 
et al. (2007). 
It is, however, consider of note that the capability of TRMM PR sensor is 
confined to detect the precipitable-size particle (with about 15-dBZ reflectivity), 
and thus the storm height used in this study is generally lower than cloud top 
height with a few km, as illustrated by Fig. 13 of Liu et al. (2007). In order to 
examine the cloud features, the Aqua Moderate Resolution Imaging 
Spectroradiometer (MODIS) with visible-infrared channels and CloudSat Cloud 
Profiling Radar (CPR) at 94 GHz measurements were analyzed over the Korean 
peninsula and western Pacific, same as Figs. 17c–d. Here the summertime of 
2002–2011 (2007–2010) was considered as a research period for the Aqua 
MODIS (CloudSat CPR) analysis. The analysis results exhibit a clear contrast 
between the Korean peninsula and western Pacific that cloud top height and ice 
water content over the Korean peninsula are much lower over those over the 
western Pacific (Fig. 18). It indicates that cloud properties between cloud top 
height and storm height (about 10–15 km) can be different even if same rain type 
(i.e., warm-type heavy rainfall) below about 10 km is found over the tropics and 
mid-latitude. In addition, thick mid-low clouds located below 200 hPa are very 
frequently found in the Korean peninsula, where the mid-low clouds in the 
western Pacific have a thin optical thickness. These cloud features appear to be 
related with different convective instability conditions between the tropical and 
mid-latitude regions (Figs. 7a–b, Figs. 17b,d), further indicating the frequent 
occurrence of low-cloud producing heavy rainfall under the moist-adiabatically 
near-neutral conditions over the Korean peninsula.  
The contrasting features seen between the cold- and warm-types noted in Figs. 
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17a–b over the Korean peninsula are incorporated with the evolution of CAPE, 
TPW, and ConQ (Fig. 19) in order to construct a more complete picture of the 
contrasting characteristics. The cold-type heavy rainfall is characterized by 
relatively large CAPE in comparison with the warm-type, in spite of more humid 
conditions (larger TPW and ConQ) for the warm-type. It seems that although the 
absolute values of CAPE for both types are short of typical values found for the 
cases of deep convection, the CAPE for the cold-type which is twice as large as 
that of the warm-type may provide better conditions for the convectively unstable 
synoptic environment (Fig. 19a). 
TPW steadily increases before the rain event, reaching a peak at 0 hour, and 
then decreases in a nearly symmetrical fashion (Fig. 19b). In contrast to the 
coherent time series shown in TPW, ConQ maximum occurs at different hours 
before the rain event (Fig. 19c); the cold-type shows a maximum ConQ at 12 
hours in advance whereas the maximum TPW occurs at a time near the rain event. 
Thus, the cold-type takes a while to reach the maximum TPW once the maximum 
ConQ is achieved, suggesting a precursory time for development of the deep 
convection. However, for the warm-type, the convergence of water vapor flux 
seems to lead to immediate change in TPW, which may be similar to the concept 
of using ConQ as a prognostic variable in the rainfall (Kuo 1965, 1974). In other 
words, the warm-type heavy rainfall can be seen as a fast response, while the 
cold-type is a slow and delayed response. The fast development of warm-type 
heavy rainfall is thought to be an important mechanism in causing heavy rainfall 
over the Korean peninsula when air is humid and moisture supply is continuous. 
It is therefore revealed that the cold-type heavy rainfall is locally developed 
sub-grid scale event, as shown in the time evolution of satellite-observed cloud 
top temperature and weak vertical velocity, in spite of the reflectivity profile 
representing deep convective rainfall (Type 1). In contrast, the warm-type appears 
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to be associated with large-scale synoptic set-up, in which established pressure 
system effectively carries water vapor onto the Korean peninsula area along the 
northwestern periphery of the North Pacific high, resulting in large water vapor 
flux convergence where moist-adiabatically near-neutral conditions prevail. Since 
the warm-type not only dominates heavy rainfall frequencies with a similar rain 
intensity to the cold-type that seems to be sustained for longer, it is of interest to 
examine the dynamical/physical set-up involved in maintaining warm-type heavy 
rainfall. Environmental heating due to latent heat release may not be enough for 
maintaining the vertical velocity for rain formation, because of the moist-
adiabatically near-neutral conditions existing between 900 hPa and 500 hPa (Fig. 
17b). Furthermore, the well-maintained water vapor convergence in the lower 
layer keeps pushing the water vapor upward and inducing a release of latent heat 
with the generation of cloud liquid water. In this process, the air mass moves 
upward with a small amount of buoyant force, in a near-neutral stability condition 
because of the mass continuity. In order to examine whether synoptic conditions 
can provide such environment, this study analyzes the time series of the vertical 
distribution of horizontal divergence embedded with vertical motion (Fig. 20). 
In contrast to the cold-type showing weak synoptic convergence in the 
shallow surface boundary layer below 900 hPa, and weak vertical motion centered 
at around 500 hPa, the warm-type shows much larger low-level convergence and 
stronger vertical motion at zero hour. The convergence layer thickens much 
before –6 h, and the maximum intensity is shown at around 750 hPa at 0 h. At the 
same time, the divergence layer develops at a level of around 200 hPa, and the 
well-developed divergence layer at 0 h in the upper layer is then connected 
vertically with the convergence layer centered at 750-hPa level. Such vertically 
aligned convergence and divergence therefore effectively transfer water vapor 
upward; the converged water vapor and air mass follow the vertical motion 
５７ 
created by low-level convergence and upper-level divergence while air in the 
lower layer that is already much more humid (shown in the relative humidity 
profile of Fig. 17b) continues to yield liquid water. At this point, the orographic 
influence may help to create an upward motion, as shown in Oh et al. (2002), 
Kwon et al. (2008), and Shige et al. (2013). 
To summarize the proposed warm-type heavy rainfall mechanism, a schematic 
diagram is presented in Fig. 21. Abundant water vapor is carried along the 
western boundary of the high pressure and converges onto the Korean peninsula 
area, as shown in Fig. 15f. At the same time, divergence is build up in the upper 
layer due to the jet (Fig. 15b). This vertically aligned lower-level convergence and 
upper-level divergence effectively help the development of warm-type clouds, in 
which lower-level moisture is transported upward in the environment subject to 
moist-adiabatically near-neutral stability. Within the atmospheric column, 
however, the storm height may not reach high enough to produce abundant ice 
crystals because of the slow vertical motion. Instead, as explained in S13, 
raindrops may grow through collision/coalescence processes (primarily below the 
melting layer) at the expense of abundant liquid water produced under very humid 
conditions, causing heavy rainfall at the surface. Continuous water vapor flux 
convergence within the humid environment and upper-level divergence are 
considered to be key elements in the formation of the warm-type heavy rainfall 
over the area of the Korean peninsula.  
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Fig. 15. Composite distributions of synoptic fields for the cold-type (left) and 
warm-type heavy rainfall (right) over the Korean peninsula (black rectangle): (a–b) 
divergence (unit of 10-6 s-1 and color scales given in the right), geopotential height 
(gpm, solid lines), and horizontal wind (m s-1, arrows) on 200-hPa level. (c–d) As 
in (a–b), but for vertical velocity (unit of hPa h-1, color scales given in the right) 
on 500-hPa level. (e–f) Column-integrated water vapor flux convergence (unit of 
g m-2 s-1, colors given in the right), geopotential height and water vapor flux (m s-1, 
arrows) on 850-hPa level. 
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Fig. 16. Trajectories of temporal composites after applying the criteria of (a–b) 
divergence at 200 hPa greater than 5×10-6 s-1, (c–d) vertical velocity less than –3 
hPa h-1, and (e–f) column-integrated water vapor flux convergence greater than 
0.1 g m-2 s-1 for cold-type (left), and warm-type (right) heavy rainfall over the 
Korean peninsula (black rectangle). Individual color contours denote the lead-lag 
hours for the period of ± 1-day centered at the time of TRMM occurrence, and the 
corresponding time is given in the color bar on the right. 
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Fig. 17. Vertical structure of composited equivalent potential temperature (color, 
K) and relative humidity (dotted line, %) for (a) cold-type and (b) warm-type 
heavy rainfall over the Korean peninsula. (c–d) As in (a–b), but for the western 
Pacific (15–20°N, 125–130°E). For the warm-type heavy rainfall, note that the 
vertical difference of qe between 600 and 1000 hPa at zero hour is about 3.5 K 
over Korea, but 18.6 K over the western pacific, resulting in a huge contrast in the 
CAPE values (231 J kg-1 vs. 1443 J kg-1). 
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Fig. 18. Frequency distribution of the (a) Aqua/MODIS-observed cloud optical 
thickness (COT)–cloud top pressure (CTP) and (b) CloudSat/CPR-observed ice 
water content profiles over the Korean peninsula. (c–d) As in (a–b), but for the 
western Pacific (15–20°N, 125–130°E).  
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Fig. 19. Temporal evolution of (a) convective available potential energy (CAPE), 
(b) total precipitable water (TPW), and (c) column-integrated water vapor flux 
convergence (ConQ) for the cold-type (solid line) and warm-type heavy rainfall 
(dashed line) over the Korean peninsula. 
  



















































Fig. 20. Vertical structure of composited divergence (color, unit of 10-6 s-1) and 
vertical velocity (dotted line, unit of hPa h-1) for (a) cold-type and (b) warm-type 
heavy rainfall over the Korean peninsula. 
  
６４ 
Fig. 21. Dynamical and microphysical mechanisms responsible for inducing the 
warm-type heavy rainfall over the Korean peninsula. Schematic rain formation 





The summary and conclusions of section 2 have three parts. First, the K-means 
clustering algorithm was applied to TRMM PR CFADs at each 5°×5° grid box; 
these were collected throughout the summer period (June–August) over 10 years 
(2002–2011) in order to objectively classify heavy rain types over East Asia. The 
objective was to further examine the heavy rainfall mechanisms that explain the 
rain features over the Korean peninsula in the context of the East Asian monsoon. 
Two dominant types of heavy rainfall emerged from the K-means clustering 
analysis: Type 1 (cold-type) indicates a well-developed deep convective system 
situated predominantly over mainland China, whereas Type 2 (warm-type) with a 
moderate cloud depth is mainly situated over oceanic regions across the western 
periphery of the North Pacific high region. Type 2 was the most dominant rain 
type in the humid East Asian summer environment, occupying about 60% of total 
heavy rainfall. The spatial distributions of Type 1 and Type 2 largely represented 
continental and oceanic types, respectively. Type 1 and Type 2 were frequently 
found in the late afternoon and morning (especially over 30°N) and, therefore, 
were similar to the conventional wisdom for continental and oceanic rainfall 
regimes, respectively. The seasonal evolution of rain types indicated that Type 1 
extends its territory eastward toward an area including Korea and Japan, while 
Type 2 keeps expanding northward during the summer, leading to the coexistence 
of two dominant heavy rain types over this area. The coexistence between Type 1 
and Type 2 over the Korean peninsula is thought to be a unique feature that is 
influenced, not only by the continent in the west, but also by the ocean in the 
south. This is particularly pertinent to the Korea–Japan area, where water vapor is 
continually supplied, in particular when the North Pacific high expands and 
intrudes further northwestward.  
Second, typical cases over the Korean peninsula demonstrating cold-type and 
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warm-type heavy rainfall were examined. A selected cold-type heavy rain case 
(22 August 2008) revealed characteristics with high storm height as well as 
abundant ice water content and lightning activity. The convective instability 
appears to be closely linked to the development of cold-type heavy rain. 
Conversely, the warm-type heavy rain case (22 June 2009) was characterized by 
relatively lower storm height, smaller quantities of ice crystals, no lightning 
activity, and no convective core on an infrared image. In spite of less-developed 
cloud formation, continuous and tremendous water vapor supply in association 
with Typhoon Linfa, located in the southeast region of China, is thought to be an 
important factor in producing warm-type heavy rainfall. 
Third, this study further examined the spatial and temporal evolution 
mechanisms of heavy rainfall types over the Korean peninsula by using 
geostationary satellite data and ERA-Interim reanalysis data. The 10-year 
composite results revealed that cold-type (i.e., Type 1) heavy rainfall is 
characterized by an eastward-moving cloud system with an oval shape, while the 
warm type (i.e., Type 2) exhibits a comparatively wide spatial distribution over an 
area extending from the southwest to northeast. These evolution features were 
consistent with the geographical distributions of lightning flash counts; frequent 
distributions are found mostly along the western part of the Korean peninsula, 
while the southern coastal area experiences significantly less lightning. 
Furthermore, the cold-type heavy rain was usually associated with locally 
developed short-lived cloud systems induced by convective instability, whereas 
the warm-type heavy rain was characterized by smaller CAPE, higher relative 
humidity, moist-adiabatically near-neutral conditions, and synoptically-forced 
long-lived events. Here the longer duration of warm-type clouds is considered as a 
key factor in producing flash flooding.  
The formation mechanism of warm-type heavy rainfall over the Korean 
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peninsula appears to be closely linked with the low-level moisture convergence 
area along the northwestern periphery of the North Pacific high and the vertically 
aligned divergence area formed over the jet stream level. This dynamical setup 
continuously pushes moist air upward and thus induces humid and moist-
adiabatically near-neutral conditions over the Korean peninsula (i.e., 
thermodynamic forcing). These dynamic and thermodynamic conditions are 
frequently found in the summertime over the Korean peninsula, thus allowing the 
frequent occurrence of warm-type heavy rain with relatively low storm height and 
small amount of ice water. Furthermore, because the rain intensity of warm type is 
as strong as that of the cold type, it is considered that warm-type heavy rainfall is 
the cause of flood events over the Korean peninsula. 
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2.5. Additional statistics 
2.5.1. Seasonal evolution (+September) 
Since September corresponds to the downward branch of East Asia monsoon, 
it needs to be discussed. In order to expand the research period into June–
September, 10-yr (2002–2011) September data were further collected, and thus 
total 2,168,993 pixels showing rain rate greater than 10 mm h-1 were obtained. 
After conducting the K-means clustering analysis for June–September months 
over the 10-yr period, three heavy rainfall types were classified (Fig. 22). The 
occurrences (# of 5°×5° grid) and pixels (greater than 10 mm h-1) of heavy rainfall 
types are follows: Type 1 (17,766 grids, 737,497 pixels), Type 2 (26,163 grids, 
1,315,965 pixels), and Type 3 (16,583 grids, 115,531 pixels). The results of Fig. 
22 are very similar to those of Fig. 2 in all respects (vertical structure, frequency, 
heavy rainfall area, its spatial distribution). Therefore we can simply add 
September in seasonal evolution in spite of new classification. At any given grid 
point of Fig. 22, the total frequency from 12 patterns is set to 100%, thus giving 
relatively low frequency compared with the use of 9 patterns in Fig. 4. Overall, 
the evolution patterns for the period of June–August are similar between Fig. 4 
and Fig. 22. Interestingly, the occurrence of heavy rainfall types for September 
represents a three-way transition from the August pattern: (1) increased Type 1 
and Type 2 around the Indochina peninsula, (2) increased Type 2 and Type 3 over 
the east of Japan, (3) increased Type 2 over the southeast corner of the western 
North Pacific. The large-scale pressure and moisture distributions (solid line and 
arrow in the right-bottom result of Fig. 23) are thought to be responsible to the 
occurrence changes in September. Since Wang and LinHo (2002) also reported the 
similar three-way transition by analyzing Asian monsoon rainfall peak, the 
occurrence change of heavy rainfall types in September appears to be physically 
consistent with known weather and climate features. 
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Fig. 22. As in Fig. 2, but for the period of June–September. 
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2.5.2. Influence of typhoon 
A typhoon is a mature tropical cyclone that develops in the Northwestern 
Pacific Basin, causing tremendous life loss and property damage over the 
surrounding regions (Philippines, Vietnam, Taiwan, China, Korea, and Japan). 
During the period of 1983–2011 approximately 37% of life loss and 49% of 
property damage amongst the total damages over the Korean peninsula were 
attributed to the typhoon, while 58% and 41% are caused by heavy rainfall events, 
not directly associated with typhoon (National Emergency Management Agency 
1993, 2002, 2012), suggesting the importance of typhoon along with heavy 
rainfall. Since typhoon is the rain system with the largest horizontal size in nature, 
the impact of typhoon on the statistics of heavy rainfall types classified in this 
study needs to be investigated. In order to achieve this purpose, the 6-hourly best 
tracks data from Regional Specialized Meteorological Center (RSMC) Tokyo 
Typhoon Center (http://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-
eg/RSMC_HP.htm) were collected for the summer (June–August) of 10 years 
(2002–2011). Although RSMC provides the trajectories of five categories (i.e., 
Tropical Depression, Tropical Storm, Severe Tropical Storm, Typhoon, and Extra-
Tropical Cyclone) over the western Pacific and the South China Sea, this study 
considers only three categories (Tropical Storm, Severe Tropical Storm, and 
Typhoon) showing a maximum sustained wind speed larger than 34 knots (17 m s-
1). Hereafter, the three categories are simply referred to as “typhoon”. 
Fig. 24a shows the trajectories of 95 typhoons for the summer (June–August) 
period of 10 years (2002–2011). Most tracks of typhoon are found over the 
western periphery of North Pacific high, representing the close relation with the 
occurrence distribution of Type 2. When the 6-hourly best track data are 
collocated with the heavy rainfall types classified by TRMM PR measurements 





The table above shows the relative contribution of typhoon to the occurrence 
and heavy rainfall pixels of three heavy rainfall types. The small percentages 
indicate that the statistics of heavy rainfall types in this study (Section 2.1–4) were 
generally controlled by cloud systems, not directly associated with typhoon. Since 
the typhoon tracks are mostly located over the ocean region, the occurrence of 
Type 2 and Type 3 are more associated with typhoon than that of Type 1, mostly 
found in the continent. In addition, the heavy rainfall area of Type 2 is relatively 
wide than those of other two types (Fig. 2b, Fig. 3c), and thus the influence of 
typhoon on heavy rainfall pixels is the most dominant in Type 2 (8.8%), indicating 
the large contribution to volumetric heavy rainfall. 
Definitions of typhoon and monsoon fronts (Meiyu, Changma, and Baiu) are 
generally based on its horizontal pattern. In contrast, this study suggests a 
surprising finding that the vertical structures of typhoon and monsoon fronts are 
both similar to the oceanic type. This similarity also can be assumed from the less 
lightning events for both cases. The horizontal distribution and vertical structure 
of Typhoon Linfa (2009) are given in Figs. 24b–c. The vertical structure of 
Typhoon Linfa is very similar to that of Type 2 over East Asia, suggesting that 
Typhoon is also a kind of warm-heavy rainfall. However, typhoon with a warm 
temperature core (from infrared measurements) and monsoon fronts (Meiyu, 
Changma, and Baiu) with relatively warm temperature area are evidently different 
in cloud top height in spite of similar storm height, indicating the difference in 
cloud features between cloud top height and storm height (about 10–15 km). 
Therefore, we need to understand the warm-type heavy rainfall in a new category, 
different from the conventional rain types such as typhoon and monsoon fronts.  
Influence of Typhoon Type 1 Type 2 Type 3 
Occurrence 0.5% 2.1% 0.9% 
Pixels ( > 10 mm h-1) 2.2% 8.8% 2.6% 
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Fig. 24. (a) Regional Specialized Meteorological Center (RSMC) typhoon best 
tracks (95 cases) for the summers of 2002–2011. Solid lines represent the 
trajectories of typhoon. (b) Horizontal distributions of TRMM/PR-observed rain 
rate for Typhoon Linfa (2009) and (c) the corresponding CFAD pattern of PR 
reflectivity for the heavy rainfall pixels greater than 10 mm h-1. 
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2.5.3. Tropical distribution 
Although the research domain in the previous section was confined to East 
Asia (10–36.25°N, 100–150°E), this section further investigates the tropical 
distribution (36.25°S–36.25°N) in order to understand the general feature of 
warm-type heavy rainfall from a wide field of view. The vertical structures of 
classified heavy rainfall types over the tropics are given in the form of CFADs 
(Figs. 25a–c). Here the regions showing small number of heavy rainfall events 
(i.e., < 10000 pixels) were eliminated to prevent an unnecessary interpretation. 
The vertical structures of Type 1 and Type 2 exhibit similar CFAD patterns with 
those over East Asia (Fig. 2), except for the difference below 2 km. It is because 
of that the results over the tropics were obtained by normalizing small samples 
due to ground clutter, whereas the previous results in East Asia considered those 
cases as zero frequency in order to provide occurrence frequency by changing 
with weather condition. Since the analysis of occurrence frequency (such as East 
Asia) requires a huge dimension (14019×576×50×80: # of observations × # of 
grid × bin of reflectivity × bin of height) in the global scale, a simple 
categorization was considered here. The spatial distributions of heavy rainfall 
types exhibit a contrast between land for Type 1 and ocean for Type 2 (Fig. 25d). 
Type 1 is frequently found over the central Africa/India/US regions as well as 
China continent, whereas Type 2 is generally observed over the humid oceanic 
area. Over the tropics, Type 2 is the most frequent vertical structure of heavy 
rainfall (58%) because humid oceanic area is larger than convectively active land 
area. Although the results of Types 1 and 2 over the tropics are generally 
consistent with findings over East Asia, a difference between Type 2 and Type 3 
over the North Pacific high region is also observed. The North Pacific high region 
is influenced by Type 3 as well as Type 2 in Fig. 2, whereas the result of Fig. 25d 
shows the dominance of Type 2 over that region. It may be caused by different 
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analysis method (i.e., weighting by occurrences over East Asia vs. pixels over the 
tropics). Since Type 2 is characterized by more wide area (more number of pixels) 
than Type 3, the CFAD pattern weighted by pixels is thought to mostly follow the 
structure of Type 2. On the other hand, the spatial distribution of Type 3 moves to 
the mid-latitude frontal region over the winter hemisphere. Because of the change 
in environmental condition in wintertime, the CFAD pattern of Type 3 is 
transformed with the more limited vertical extent and smaller reflectivity in upper 
level (Fig. 25c), compared with that over East Asia (Fig. 2c). Since there is a 
seasonal change in the freezing level (about 1–2 km variation), the result over 
winter hemisphere should be carefully interpreted. For that case, the Contoured 
Frequency by “Temperature” Diagram (CFED) analysis such as in Hashino et al. 
(2013) would be physically more appropriate than the Contoured Frequency by 
“Altitude” Diagram (CFAD).  
  
７６ 
Fig. 25. (a–c) Vertical structures of the three heavy rainfall types classified by K-
means clustering analysis over the tropical region for the summer (June–August) 
period of 10 years (2002–2011) and (d) corresponding the spatial distribution of 
dominant heavy rainfall type in a given region. Regions showing the number of 




3. Numerical experiments 
Hypotheses proposed by S13 and Section 2 on the microphysical process 
forming warm-type heavy rainfall have not been tested using a state-of-art cloud 
microphysical model, even though many observational facts support the validity 
of these hypotheses. Therefore, this section presents numerical experiments that 
were conducted with the thermodynamic conditions (i.e., temperature and water 
vapor profiles) observations over the Korean peninsula in order to examine the 
impact of thermodynamic conditions on the microphysical evolution of heavy 
rainfall types. This modeling effort would support a conjectural assumption about 
microphysical processes (e.g., ice physics and collision-coalescence process) that 
has been raised to explain the observed reflectivity structure in S13, also leading 
to a better understanding of the warm-type rain mechanism. The obtained results 
will eventually contribute to improving the cloud microphysics parameterization 
in the humid monsoon regions as well as the Korean peninsula, because the warm-
type heavy rain with less intense convection is a general structure that is 
frequently found in the East Asia monsoon region (Section 2.2) as well as over the 
tropics (Section 2.5, Hamada et al. 2015). 
 
3.1. Idealized simulation 
Commonly, the continental rainfall system has a delayed onset, compared with 
oceanic rainfall because the copious amount of cloud condensation nuclei (CCN) 
in the continental region lead to the formation of a large number of small droplets 
and thus a low collision-coalescence rate (Khain et al. 2005). Accordingly, the 
rapid production of warm-type heavy rainfall assumed in Fig. 19c cannot be 
understood by the CCN effect above, since the Korean peninsula is characterized 
by an extremely high aerosol loading (i.e., high CCN concentration) condition, in 
contrast to the remote ocean. On the other hand, numerical experiments (Khain et 
７８ 
al. 2008) using similarly high CCN concentrations reported that maritime clouds 
in humid conditions produce precipitation with an earlier onset time (25 minutes) 
than maritime clouds in relatively dry conditions (35 minutes) and continental 
clouds in dry conditions (45 minutes). Although the onset time of precipitation 
was found to be affected by CCN concentration as well as humidity, the 
sensitivity to CCN concentration was lower than that employing relative humidity 
to determine total precipitation (Khain et al. 2008). Furthermore, the effects of 
aerosol on precipitation have so far proven inconclusive (Levin and Cotton 2009). 
Therefore, current modeling work will focus on meteorological conditions rather 
than aerosol effects to understand the evolution mechanism of warm-type heavy 
rainfall over the Korean peninsula. 
 
3.1.1. Model setup 
The two-dimensional idealized thunderstorm experiment using the Advanced 
Research Weather Research and Forecasting (WRF-ARW) model (Skamarock et 
al. 2008, version 3.6.1), which was released in June 2014, was designed to 
investigate the microphysical evolution of warm-type heavy rainfall. This 
simulation is a preset option in the WRF model. The horizontal 201 points in the x 
direction with a 250-m grid spacing and 80 vertical layers up to 20 km were 
considered. The model was integrated for 60 minutes with a 3-second time step. 
The initial condition included a thermal bubble with the 4-km radius and the 
maximum perturbation of 3 K at the center of domain in the lower troposphere. 
The wind velocity of 12 m s-1 was applied in the negative x direction at the 
surface, and the wind velocity was set to zero at 2.5 km above the surface. In 
addition, open boundary condition was considered, and there was no Coriolis 
force or friction. Here, the WDM6 microphysics scheme (Lim and Hong 2010) 
was only applied, while the other physics-related parameterizations were turned 
７９ 
off. 
In addition to the control run, 8 additional experiments with the use of 
different input temperature and water vapor soundings were conducted (Fig. 26). 
Here, the difference between the Cold 1 and Warm 1 experiments was obtained 
from the difference in thermodynamic environment at 0 hour between for the 
cold-type and warm-type heavy rainfall over the Korean peninsula, as shown in 
Figs. 17a–b (i.e., less convectively unstable and more humid conditions are 
considered for the warm-type heavy rainfall). Since the difference was calculated 
from the 10-yr composite of low-resolution ERA-Interim reanalysis data (1°×1°), 
the value is supposed to be much smoothed. Thus, this study allowed the 4 times 
larger perturbations (i.e., Cold 4 and Warm 4) in the experiments in order to 
consider thermodynamic conditions in natural clouds.  
 
3.1.2. Storm evolution 
Fig. 27 shows the time series of CAPE, TPW, storm height, and precipitation 
rate over the storm core (± 10 km) in the idealized experiments. Here the storm 
height was defined as the echo top height using 15 dBZ as a criterion (Awaka et al. 
1998). Compared with the cold-type (Cold 1–4), the lower CAPE and higher TPW 
conditions for the warm-type experiments (Warm 1–4) are clearly visible. As time 
elapses, the CAPE and TPW values steadily decrease (Figs. 27a–b). Some 
fluctuation patterns in CAPE and, especially, TPW are related to the 
condensation/evaporation processes within the storm and the interaction between 
the storm core region (± 10 km) and the surrounding area (± 10–25 km).  
The temporal evolution of storm height (Fig. 27c) represents different 
behaviors that vary with environmental conditions. The storm grows to a large 
size (e.g., snow, graupel, and rain), which can be detected by TRMM Precipitation 
Radar (i.e., 15-dBZ reflectivity), after 13–15 minutes for the Cold 4 to Warm 1 
８０ 
experiments, but these trends are detectable after only 8–9 minutes for the Warm 
2–4 experiments. The earlier formation of storms for the warm-type experiments 
should be more related to the moisture change rather than to the temperature 
change (Fig. 28), indicating an active auto-conversion process under the humid 
condition. The cold-type experiments reach to the maximum 15 km storm height 
for 20–30 minutes, whereas the warm-type experiments are much more vertically 
limited. For example, the Warm 4 experiment produces the storm height 2–4 km 
lower than that from the Cold 4 experiment for the period of 16–29 minutes. The 
limited vertical extent for the warm-type experiments is associated with the weak 
instability condition, mostly due to the temperature change rather than the 
moisture change (Fig. 29). The time series of domain-averaged (±10 km) 
precipitation rates are also presented in Fig. 27d. It is of note that the warm-type 
experiments exhibit the early onset of precipitation. For example, the onset time 
of precipitation for the Warm 4 experiment is 10 min earlier than those of the cold 
experiments, and the time showing a precipitation rate greater than 10 mm h-1 is 
advanced by 17 minutes for the Warm 4 experiment compared with the Cold 4 
experiment. The early formation of storms and lower storm height (thereby 
reducing the time to reach the tops of storm clouds) under the humid and weak 
instability conditions facilitate the early onset of precipitation for the Warm 4 
experiment. In addition, the warm-type experiments exhibit more precipitation 
than the cold-type experiments, indicating that a humid condition is more 
important to determine precipitation amount, compared with convective instability. 
These features of storm height and precipitation strongly support the 
microphysical formation mechanism of warm-type heavy rainfall, assumed in 
Section 2. 
In order to investigate the detailed evolutionary features of storms, the vertical 
structures of reflectivity at 15, 25, 35, and 45 minutes for the Cold 4, Control, and 
８１ 
Warm 4 experiments are illustrated in Fig. 30. The Cold 4 experiment reveals a 
strong vertical updraft (solid contour) and thereby high vertical extent (10 km) of 
precipitable-size particles with the radar reflectivity of 15 dBZ. In contrast, the 
Warm 4 experiment is characterized by relatively low vertical extent (8 km) and 
wide stratiform region around a convective core (after 15 minutes). Note that 
radar reflectivity within the WRF model was calculated by only considering snow, 
graupel, and rain species. As represented by the solid contour in Fig. 30a, the 
strong updraft at the initial stage (after 15 minutes) is responsible for the high 
storm height in the Cold 4 experiment. This pattern is maintained until the 45-
minute mark, while generating wide anvil clouds in the upper layer under the 
convectively unstable condition (Fig. 30a). In contrast, the Warm 4 experiment is 
characterized by smaller updraft and smaller vertical extent under the weak 
instability condition (Fig. 30c). In particular, the Warm 4 experiment represents 
the stratiform clouds widely spread around 6 km at the initial stage, including the 
convective core (after 15 minutes). In addition, the maximum of the convective 
core in the Warm 4 experiment descends to the surface after 25 minutes and 
reaches the mature stage of surface precipitation after 35 minutes. On the other 
hand, the convective core in the Cold 4 experiment remains in the upper layer for 
a relatively long period, and thus surface precipitation begins in earnest after 45 
minutes. 
The evolutionary features above can be comprehensively understood by 
examining the contribution of hydrometeors (cloud ice, snow, graupel, rain, and 
cloud water). The temporal evolution of these hydrometeor profiles is given in Fig. 
31. Here, the results were calculated over the convective core area (± 10 km), 
showing radar reflectivity greater than 15 dBZ. As a result of initial warm-bubble 
heating at the low level and the consequent strong updraft, super-cooled liquid 
water is produced above the freezing level (about 4 km) and then ice species 
８２ 
(cloud ice, snow, and graupel) are also simultaneously generated. In the Cold 4 
experiment, the significant quantity of cloud ice is produced after 15 minutes 
through the freezing of cloud water and deposition of water vapor above the 7-km 
altitude. Thereafter, cloud ice further develops into snow and graupel through the 
aggregation process while falling. After 30 minutes, the melting of graupel leads 
to the production of rain drops. Finally, most of the rain drops reach the surface 
after 50 minutes. 
This precipitation formation process for the Warm 4 experiment is distinctly 
different from that of the Cold 4 experiment (the Control experiment lies between 
the Cold 4 and Warm 4 experiments, but is more similar to the Cold 4 experiment). 
First of all, the Warm 4 experiment is characterized by a much smaller quantity of 
snow (Fig. 31c). While the snow is not well-developed as in the Cold 4 
experiment, it quickly dissipates into cloud ice in the upper level. In fact, the 
WDM6 scheme tends to produce the decreased snow and increased cloud ice at 
warmer temperature as in the upper layer for the Warm 4 experiment (Fig. 26), 
because of the temperature-dependent intercept parameter for snow and mass-
dependent cloud ice number concentration (Hong et al. 2004). Instead of the snow, 
the significant amount of graupel is quickly formed after approximately 20 
minutes in the Warm 4 experiment. Here, the abrupt increase of graupel is thought 
to result from a vigorous interaction between super-cooled raindrops and ice 
particles, because Fig. 32b for the Warm 4 experiment shows the relatively larger 
contribution of Piacr (Production rate for accretion of cloud ice by rain), Pracs 
(Production rate for accretion of snow by rain), and Pgacr (Production rate for 
accretion of rain by graupel) terms, compared with the Cold 4 experiment (Fig. 
32a). In contrast, the production of graupel for the Cold 4 experiment largely 
relies on the interaction between super-cooled cloud water and ice particles (i.e., 
Paacw) as well as freezing (i.e., Pgfrz)—refer to Hong and Lim (2006) for 
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detailed terms related to the production of graupel. Furthermore, the melting of 
graupel leads to the production of raindrops much earlier (approximately 10 
minutes) in the Warm 4 experiment (Fig. 31c) than in the Cold 4 experiment (Fig. 
31a). As a result, the early onset of surface precipitation in the Warm 4 
experiment is observed (Fig. 27d). Therefore, the absence of snow and the 
importance of raindrops in the Warm 4 experiment should be emphasized to 
understand the microphysical formation process of warm-type heavy rainfall 
under moist-adiabatically near-neutral conditions. 
In order to examine the validity of the microphysical assumption in S13 
related to the growing process of warm-type heavy rainfall (i.e., raindrops tend to 
continue growing into larger particles through putative collision/coalescence 
processes under the humid condition, and it plays an important role in producing 
warm-type heavy rainfall), more experiments were conducted while paying 
attention to the collision/coalescence processes. Since the WDM6 scheme has a 
capability of predicting not only the mixing ratio but also the number 
concentration of the raindrops, this study takes advantage of these properties to 
explain the growing process of warm-type heavy rainfall. The raindrop mean-









Here ρ is air density, qR is the mixing ratio of raindrops, ρw is water density 
(1,000 kg m-3), and NR is the number concentration of raindrops. Since the 
computation of DR is not meaningful for extremely low NR conditions, the 
calculation above is only applied when NR is larger than 1 m-3.  
As in the mixing ratio profiles (Fig. 31), the temporal evolution characteristics 
of total radar reflectivity (Z), DR, and NR profiles are examined for the Cold 4, 
８４ 
Control, and Warm 4 experiments (Fig. 33). Although total radar reflectivity in 
the WRF model is controlled by not only rain but also snow and graupel, this 
study will focus solely on raindrops in order to explain the rapid increase of 
reflectivity in the low level shown in Figs. 6b–d of S13. Since reflectivity is 
assumed to be proportional to the number concentration and the sixth power of 
particle diameter, the difference in the temporal evolution of DR, and NR was 
investigated depending on the initial environments (i.e., Fig. 26). In the Cold 4 
and Control experiments, the increase of radar reflectivity from the melting level 
(about 4 km) to the surface is not evident, even though the radar reflectivity from 
the upper level to the low level continuously increases (Figs. 33a–b), likely due to 
the conversion processes from snow to graupel and rain as shown in Figs. 31a–b. 
Thus, the low-level reflectivity in the Cold 4 experiment appears to be more 
related to the mid to upper level reflectivity. 
In contrast, the radar reflectivity below the melting level for the Warm 4 
experiment rapidly increases with a decreasing height after 30 minutes (Fig. 33c) 
and most of the precipitation shown in Fig. 2d also starts after that time. 
Interestingly, the rapid increase of reflectivity below the melting level appears to 
be associated with the increase of DR (Fig. 33f) and decrease of NR (Fig. 33i) for 
the Warm 4 experiment. The average profiles of reflectivity, DR, and NR clearly 
show that the growth of raindrop size via the collision-coalescence process 
produces the warm-type heavy rainfall under humid and moist-adiabatically near-
neutral conditions (Fig. 34a). Although the collision-coalescence process with the 
increase of DR and decrease of NR is also found in the Cold 4 experiment, the 
more rapid increase of DR for the Warm 4 experiment is closely related to the 
increase of reflectivity below the melting layer and to the heavy rainfall at the 
surface. Since large-size raindrops collect cloud water during the collision-
coalescence process, the mean diameter of cloud water also exhibits a decreasing 
８５ 
tendency with decreasing height (Fig. 34b). The number concentration of cloud 
water shows an increasing tendency with decreasing height (Fig. 34b), probably 
due to an enhanced evaporation process from raindrops to cloud drops under the 
conditions that the mean-volume-drop diameter of rainwater becomes smaller 
than 80 μm and the air is subsaturated with respect to water. It is of interest to 
note that the lower number concentration of cloud water is found in the Warm 4 
experiment compared with the Cold 4 experiment (Fig. 34b), indicating that a 
large volume of cloud water is used in the increase of raindrop size via the 
collision-coalescence process in the humid environment. 
On the other hand, the relatively limited growth of raindrop size for the Cold 4 
(Fig. 33d) and Control (Fig. 33e) experiments indirectly implies that the cold-type 
heavy rainfall is more related to the growth of snow and graupel. McCollum et al. 
(2000) noted that convective clouds forming under dry conditions (i.e., cold-type 
clouds) generally have cloud bases considerably higher than those of clouds 
forming in moist environments; thus, it leads to an increase in the evaporation rate 
of the falling rain, resulting in less precipitation reaching the ground. The finding 
of McCollum et al. (2000) also supports the limited growth of raindrops for cold-
type heavy rainfall under relatively dry conditions. 
Fig. 35 illustrates the temporal evolution of latent heating and vertical velocity 
profiles for the three ideal experiments. The Cold 4 and Control experiments 
clearly exhibit a positive latent heating area before 25 minutes, indicating the 
phase change between water substances (Figs. 35a–b). The condensation of water 
vapor and the production of snow via freezing and deposition processes (shown in 
Figs. 31a–b) appear to be related to the positive latent heating area. Since vertical 
air velocity is determined in part by latent heating and condensate loading, a 
strong updraft is also observed before 25 minutes for the Cold 4 and Control 
experiments (Figs. 35d–e). The upward motion plays a role in maintaining ice 
８６ 
particles in the upper atmosphere for an extended period. In contrast to the Warm 
4 experiment, the latent heating profile exhibits a comparatively delayed pattern, 
and vertical velocity before 25 minutes is weaker (Figs. 35c,f), compared with the 
Cold 4 and Control experiments. It is associated with the early formation of 
graupel and thereby the lack of snow (Fig. 31c). In addition, the slanted pattern of 
vertical velocity for the Warm 4 experiment before 35 minutes (Fig. 35f) appears 
to be related to the increase of cloud ice amount (Fig. 31c). 
Furthermore, the latent cooling due to the melting of graupel and associated 
downward motion are more clearly found in the Cold 4 and Control experiments 
(Figs. 35a–b), suggesting the importance of ice physics in producing heavy 
rainfall. In contrast, the Warm 4 experiment exhibits a relatively limited melting 
process (Fig. 35c), implying the importance of warm rain physics. 
  
８７ 
Fig. 26. (a) Temperature and (b) water vapor soundings used in the idealized 
model experiments. The difference between Cold 1 and Warm 1 experiments 
corresponds to the mean difference in temperature and water vapor profiles 
between the cold-type and warm-type heavy rainfall in Figs. 17a–b. Since the 
difference was calculated by the 10-yr composites of low-resolution (1°×1°) 
ERA-Interim reanalysis data, 4 times larger perturbations (i.e., Cold 4 and Warm 
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Fig. 27. Temporal evolution of (a) convective available potential energy (CAPE), 
(b) total precipitable water (TPW), (c) storm height (15-dBZ height), and (d) 
precipitation rate over the storm core (± 10 km) in the idealized experiments. 
  





















































































Fig. 28. As in Fig. 27, but for a fixed temperature profile (water vapor 
perturbation only). 
  





















































































Fig. 29. As in Fig. 27, but for a fixed water vapor profile (temperature 
perturbation only). 
  





















































































Fig. 30. Evolution patterns of radar reflectivity (color) after 15, 20, 35, and 45 
minutes for the three idealized experiments (i.e., Cold 4, Control, and Warm 4). 
Solid and dashed contour lines indicate positive and negative vertical velocities 
with the unit of m s-1. 
  
９２ 
Fig. 31. Temporal evolution of the mixing ratio profiles of hydrometeors (cloud 
ice, snow, graupel, rain, cloud water) for the three idealized experiments (i.e., 
Cold 4, Control, and Warm 4). 
  
９３ 
Fig. 32. Relative contribution of each graupel production term before 35 minutes 
for the (a) Cold 4 and (b) Warm 4 experiments. Refer to Hong and Lim (2006) for 




















































































Fig. 33. Temporal evolution of (a–c) radar reflectivity (Z), (d–f) raindrop mean-
mass diameter (DR) and (g–i) number concentration (NR) structures for the three 
idealized experiments (i.e., Cold 4, Control, and Warm 4). 
  
９５ 
Fig. 34. Mean profile of (a) radar reflectivity (Z), raindrop mean-mass diameter 
(DR) and number concentration (NR), and (b) cloud water mean-mass diameter 
(DC) and number concentration (NC) for the Cold 4 (gray line) and Warm 4 (black 
line) experiments.  
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Fig. 35. Temporal evolution of (a–c) latent heating (L) and (d–f) vertical velocity 




3.1.3. Effect of wind shear 
The microphysical evolution of cloud can be influenced by vertical wind shear 
as well as temperature/moisture profiles. Lamb (2001) found a robust inverse 
relationship between vertical wind shear and precipitation efficiency for the 
storms in the United States. In cases of strong wind shear, the precipitation 
efficiency can be as low as 5%, perhaps because of rapid detrainment and 
evaporation of cloud water into the dry air aloft. On the other hand, the 
precipitation efficiency is relatively high under the weak wind shear condition. It 
is because the updrafts tend to be erect when the vertical wind shear is weak, 
possibly allowing the precipitation elements to fall through the condensate-rich 
parts of the cloud.  
The results in Section 3.1.2 were obtained by considering an ideal situation 
with a low-level wind shear condition. The wind speed profile represented by 
solid line in Fig. 36 corresponds to default values in the WRF ideal experiment 
(i.e., “squall2d_x”). Under such wind shear condition, cloud development is 
thought to be mainly determined by the initial thermodynamic environment rather 
than dynamic condition. Note that wind speed around the surface is allowed in 
order to separate ascending and descending parts. However, cloud development 
under the high-level wind shear condition can be influenced by not only 
thermodynamic forcing but also dynamic forcing. Thus, an experiment was 
conducted using the high-level wind shear represented by dashed line in Fig. 36, 
in order to identify whether scientific findings and microphysical interpretations 
in Section 3.1.2 are still valid or not. 
The vertical structures of radar reflectivity at 15, 25, 35, and 45 minutes for 
the Cold 4, control, and Warm 4 experiments are produced again under the high-
level wind shear condition (Fig. 37). Since westerly wind is considered to increase 
with height above 6 km, the pattern of radar reflectivity also exhibits an eastward-
９８ 
tilt pattern. The Cold 4 and Control experiments clearly show trailing anvil clouds 
in the upper troposphere after 30 minutes, whereas the Warm 4 experiment is 
characterized by a strong low-echo centroid pattern instead of trailing anvil clouds. 
The temporal evolution of hydrometeors profiles are also examined under the 
high-level wind shear condition (Fig. 38). No big difference is shown in cloud ice 
and snow profiles, compared to the case of low-level wind shear (Fig. 31). In 
contrast, the formation of graupel particles for the Cold 4 and Control experiments 
are much delayed under the high-level wind shear condition. It is because of that 
the upper-level strong wind speed weakens the aggregation/accretion processes of 
snow, and thereby interrupts the growth of graupel particles. The time reaching to 
the surface for rain and cloud water species is also delayed in relation to the 
melting process of graupel. However, it is of interest to note that the results for the 
Warm 4 experiments under the high-level wind shear condition (Fig. 38c) are very 
similar to the case of low-level wind shear (Fig. 31c), representing the limited 
impact of wind shear on microphysical evolution for the warm-type heavy rain. 
The radar reflectivity profiles under the high-level wind shear condition for 
the Cold 4 experiment exhibit the much smaller values for the period of 30–50 
minutes, compared with those under the low-level wind shear condition (Fig. 39a). 
In that case, the mean diameter of raindrop becomes to be smaller (Fig. 39d), 
indicating the decrease of surface rainfall. In contrast, the evolution of radar 
reflectivity (Fig. 39c) and the collision/coalescence processes of raindrop (Figs. 
39f,i) for the Warm 4 experiment represent similar patterns compared to the case 
of low-level wind shear (Figs. 33f,i). Therefore, the evolution mechanism of 
warm-type heavy rainfall is believed to be more related with thermodynamic 
environment than dynamic forcing. The frequent occurrence of warm-type heavy 
rainfall, commonly found in different dynamical regimes such as mid-latitude, 
subtropics, and tropics (Fig. 2b), also supports the above hypothesis.  
９９ 
However, the ideal experiments in this study may not explain all aspects found 
for the warm-type heavy rainfall. For example, the Korean peninsula located in 
the mid-latitude is strongly affected by dynamic forcings (e.g., low-level 
convergence and upper-level wind shear) in addition to the thermodynamic 
conditions. Thus, ideal experiment in a three-dimensional environment and real-
case experiment are thought to be necessary in the future for a better 
understanding of the evolution of warm-type heavy rain. It is also of note that 
results in this study are dependent of the choice of microphysics schemes, even if 
it does not change a main conclusion of this study (not shown). In this regard, the 




Fig. 36. Input wind profiles used in the idealized model experiments. The low-
level wind shear and high-level wind shear conditions were considered in Section 
3.1.1–2 and Section 3.1.3, respectively. 
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Fig. 37. As in Fig. 30, but for the high-level wind shear condition. 
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Fig. 38. As in Fig. 31, but for the high-level wind shear condition. 
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3.2. Real case simulation 
The parameterization of cloud and precipitation is a challenging issue when 
employing numerical modeling. In fact, the prediction of sub-grid-scale 
precipitation at coarse resolution tends to be determined by the cumulus 
parameterization scheme, whereas grid-resolvable scale precipitation at fine 
resolution of less than a few km is nearly controllable by a microphysics scheme. 
Currently, since the recent rapid increase of computing power has facilitated high-
resolution modeling, regional-scale weather prediction models (Lean et al. 2008; 
Kain et al. 2008) and a global-scale general circulation model (Satoh et al. 2008) 
are also commonly run at cloud-resolving scale with a horizontal grid spacing of a 
few km. Therefore, it is clear that realistic parameterization of cloud microphysics 
is a crucial factor to improve precipitation forecasts in high-resolution models. 
Since ground-based radar and rain-gauge observations are spatially limited, 
satellite observations have been widely used to evaluate the performance of 
microphysics schemes. There are two main approaches to evaluate model results 
against satellite data: (1) comparison between cloud/precipitation simulation and 
the corresponding satellite- retrieved variable through an inversion algorithm 
(inversion approach), and (2) comparison of a signal (e.g., radar reflectivity) 
calculated from the numerical model output against the corresponding satellite 
measurements (forward approach). Using inversion approaches, Ham et al. (2013) 
and Satoh and Kitao (2013) compared the vertical structure of ice water content 
and the diurnal variation of precipitation that were simulated in the 
Nonhydrostatic Icosahedal Atmospheric Model (NICAM) using CloudSat and 
TRMM measurements, respectively. On the other hand, the radar reflectivity 
profiles from the CloudSat and TRMM measurements were directly compared 
with the NICAM simulations (Hashino et al. 2013; Roh and Satoh 2014) and the 
fifth-generation Pennsylvania State University–National Center for Atmospheric 
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Research Mesoscale Model (MM5) simulation (Han et al. 2010) in order to 
diagnose the microphysical processes with respect to the vertical structure of 
clouds and precipitation (i.e., forward approach). Although the forward approach 
has an uncertainty in the forward model (i.e., radiative transfer model) in 
simulating satellite-observable signals, it has a great advantage that does not rely 
on the quality of the satellite retrieval algorithm. Because of this advantage, the 
present study adopts the forward approach for evaluating the microphysics 
schemes using satellite observation. 
An important finding obtained from the satellite observations in S13 and 
Section 2 is that there is a regional difference in the formation mechanism of 
heavy rainfall. This feature may induce a regional bias in numerical modeling; for 
example, the cumulus parameterization scheme on the basis of convective 
instability was determined to be an essential process that producing heavy-type 
rainfall over the US, whereas it plays less dominant role for inducing the heavy 
rainfall in the Korean peninsula (Hong 2004). The regional characteristics of 
heavy rainfall lead to a conjecture that a microphysics scheme that has been 
developed in state-of-the-art weather prediction models to simulate the severe 
weather in the United States, may not work well when applied to Korea, due to 
different cloud-rain system. Therefore, the performance of microphysics schemes 
for simulating heavy rainfall over the Korean peninsula should be 
comprehensively evaluated. The obtained results will be able to directly contribute 
to the improved parameterization of cloud microphysics over the Korean 
peninsula, and eventually enhance the precipitation forecast performance. 
To achieve this goal, this study also uses the Weather Research and 
Forecasting (WRF) model. Since many microphysics schemes are embedded in 
the WRF model system, this study first examines what are the most appropriate 
microphysics schemes reflecting the observed behaviors over the Korean 
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peninsula. Although several studies have already attempted to evaluate the 
simulations of heavy rainfall over the Korean peninsula using the Purdue-Lin 
scheme (Lin et al. 1983; Chen and Sun 2002), WSM6 scheme (Hong et al. 2009), 
and WSM6 and WDM6 schemes (Hong et al. 2010), the evaluation of vertical 
structure in the context of the warm-type heavy rainfall noted in S13 has never 
been studied, to date. Therefore, this section focuses on the evaluation of the WRF 





This study uses TRMM PR-derived near surface rain rates and attenuation-
corrected radar reflectivity factor profiles (TRMM 2A25, version 7), obtained 
from NASA Goddard Space Flight Center (http://mirador.gsfc.nasa.gov). 
Instantaneous PR data were collected over the Korean peninsula domain (34–
36.25°N, 126–130°E) for the summertime (June–August) of 2006. The summer of 
2006 was chosen as a target period since it was characterized by the highest 
rainfall record over Korea during the Changma period among recent 38 years 
(1973–2010) (from KMA reports) and the warm-type heavy rainfall is closely 
correlated with the Changma front. The research domain was confined to the 
southern part of Korea by counting the coverage of PR observation. The PR-
observed reflectivity profiles for heavy rainfall cases (rain rate greater than 10 mm 
h-1) were analyzed in the form of the contoured frequency by altitude diagrams 
(CFADs; Yuter and Houze 1995).  
WRF model setup 
The WRF-ARW model (version 3.6.1) was employed to reproduce the vertical 
structure of heavy rainfall over the Korean peninsula during the summer months 
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(June–August) of 2006. The WRF is fully compressible, non-hydrostatic, 
primitive equation model with the multiple-nesting capability to zoom in to the 
area of interest with a higher resolution. The governing equations are solved using 
a time-split integration with the third-order Runge-Kutta scheme.  
Initial and lateral boundary conditions for model simulation were generated 
every 6 hours by the National Centers for Environmental Prediction (NCEP) final 
analysis (FNL) data (http://rda.ucar.edu/datasets/ds083.2) on 1°×1° global grids 
during the period of 22 May to 1 September, 2006. The dataset includes surface 
variables and three-dimensional variables (temperature, moisture, geopotential 
height, and horizontal wind profiles) in 26 pressure levels from 1000 to 10 hPa. 
The low boundary for the model is based on the daily high-resolution SST product 
on a 0.083° resolution from the NCEP Real-Time, Global, Sea Surface 
Temperature (RTG_SST_HR) analysis (http://polar.ncep.noaa.gov/sst). Since the 
former 10 days are considered as a spin-up period, the 3 months from 1 June to 31 
August are finally analyzed. 
The model configuration consisted of two domains defined on a Lambert 
conformal projection, suitable for the mid-latitude region (Fig. 40). The domain 
covers the East Asian region centered over the Korean peninsula. The outer 
domain (Domain 1) consisted of 155×146 grid points in x, y with a grid spacing of 
25 km, while the number of grid points in the inner domain (Domain 2) with a 
grid spacing of 5 km was 86×66. The two domains have 30 vertical levels with the 
model top at 50 hPa. Time steps for the model integration are 120 s for Domain 1 
and 24 s for Domain 2. In addition, one-way nesting approach between the coarse 
and nested domain was applied. The simulation in Domain 1 was run using a 
spectral nudging for the three largest wave fields of temperature, horizontal wind, 
and geopotential height. The dashed box within Domain 2 (as in S13 and Section 
2.3) was used to evaluate the vertical structure of heavy rainfall over the Korean 
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peninsula. 
The physics schemes used in the WRF simulation include the new version of 
the simplified Arakawa-Schubert (new SAS) cumulus scheme (Han and Pan 2006, 
2011), the Rapid Radiative Transfer Model for GCMs (RRTMG) 
shortwave/longwave radiation schemes (Iacono et al. 2008), and the Yonsei 
University planetary boundary layer scheme (Hong et al. 2006) for vertical 
diffusion, Noah land surface model scheme (Chen and Dudhia 2001), and the 
revised MM5 surface layer schemes (Jiménez et al. 2012). Especially, the new 
SAS cumulus scheme was selected in consideration of that it shows a better 
agreement with the satellite-derived precipitation (TMPA; Huffman et al. 2007) 
for simulating the East Asian summer monsoon season of 2006, compared with 
the other cumulus schemes (Grell and Freitas, Kain and Fritsch, and Bett-Miller-
Janjić) (Lim et al. 2014). In addition, the grid-distance dependent option with 
respect to triggering condition in the new SAS scheme was used. The new SAS 
cumulus scheme was only applied for outer domain (Domain 1), whereas 
convection was explicitly resolved in the inner domain (Domain 2). 
In order to simulate the vertical structure of summertime heavy rainfall over 
the Korean peninsula, eight microphysics schemes were considered: (1) WSM6 
(Hong and Lim 2006), (2) WDM6 (Lim and Hong 2010), (3) Goddard (Tao et al. 
2003; Lang et al. 2007), (4) Thompson (Thompson et al. 2008), (5) Thompson_A 
(Thompson and Eidhammer 2014, Thompson Aerosol-Aware scheme considering 
the monthly climatology of water-friendly and ice-friendly aerosols), (6) 
Morrison_G (Morrison et al. 2009), (7) Morrison_H (same as Morrison_G, except 
for assuming hail for the rimed-ice species instead of graupel), (8) NSSL (Mansell 
et al. 2010, with CCN prediction). The WSM6 and Goddard schemes are single-
moment bulk microphysical scheme, predicting only mixing ratios of 
hydrometeors (i.e., cloud ice, snow, graupel, rain, and cloud water), by assuming 
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particle size distributions. The other five schemes (WDM6, Thompson, 
Thompson_A, Morrison_G, and Morrison_H) take a double-moment approach 
additionally predicting number concentrations for rain/cloud water (WDM6), 
cloud ice/rain (Thompson), cloud ice/rain/cloud water (Thompson_A), cloud 
ice/snow/graupel/rain (Morrison_G), and cloud ice/snow/hail/rain (Morrison_H). 
The last scheme (NSSL) is a full double-moment for six-type hydrometeors 
(cloud ice, snow, graupel, hail, rain, and cloud water). Here, the initial value of 
cloud condensation nuclei (CCN) for the NSSL scheme was considered as 108 m-3, 
same with the WDM6 scheme. 
The WRF model provides the radar reflectivity factor based on the Rayleigh 
approximation which is valid at 10 cm wavelength (S-band), whereas the TRMM 
PR observes reflectivity at 2.17 cm wavelength (Ku-band). Park et al. (2015) 
reported that the PR underestimates the mean reflectivity by 1–3 dBZ compared 
with those from the ground-based S-band radar network over the Korean 
peninsula from 4 convective rain cases. However, long-term comparison results 
between the TRMM PR and ground S-band ground radar observations at the Jindo 
(34.473°N, 126.324°E) and Pusan (35.119°N, 128.999°E) sites over the Korean 
peninsula showed that the mean difference of reflectivity between two 
observations is less than 0.8 dBZ for convective clouds (Kim et al. 2014), 
implying the possibility of using the radar reflectivity factor from the WRF model 
in comparing with the PR observation. 
Lastly, this study uses the time-step (24 s) rain rate, radar reflectivity, 
hydrometeors (cloud ice, snow, graupel, rain, and cloud water) profiles, and 
cumulative rainfall with 30-minute interval over the southern part of Korean 
peninsula (dashed box in Fig. 40). The comparison with respect to the 
microphysics schemes was done by examining the CFAD patterns of radar 
reflectivity for heavy rainfall cases (rain rate > 10 mm h-1) against the PR 
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observation. By considering the sensitivity of PR sensor, the 15-dBZ cutoff was 
applied to the CFAD patterns of reflectivity. Since radar reflectivity largely 
depends on hydrometeor profiles, the mixing ratio profiles of cloud ice, snow, 
graupel (hail), rain, and cloud water are also compared. 
 
Fig. 40. Domains used in WRF simulations. Outer grid has a horizontal resolution 
of 25 km (Domain 1), while inner grid has a 5-km resolution (Domain 2). The 
dashed box within the Domain 2 was used to evaluate the vertical structure of 
heavy rainfall. The shaded color indicates topography used in the Domain 1. 
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3.2.2. Comparison results 
First of all, the probability density function (PDF) distributions of time-step 
rain rate for the case of using the eight microphysics schemes were compared with 
the TRMM PR observation (Fig. 41). Since the PR sensor has a limitation related 
to observing light rain less than approximately 0.5 mm h-1, the probability of the 
conditional rain rate (i.e., > 0) for those light rain cases exhibits a sudden drop 
(Yang and Nesbitt 2014), unlike the behavior that actually occurs in nature. Thus, 
the PDFs in this study were normalized by the total number of observations, 
including those that involved rain and non-rain events, in order to fairly compare 
the PDFs between the PR observation and WRF simulations. The comparison 
results represent a relatively good agreement between the observation and the 
simulations, except for the slight underestimation for light rain cases less than 10 
mm h-1 and the slight overestimation for heavy rain cases with rain rates of 14–38 
mm h-1. Although there are variations in the PDFs of the rain rates from the use of 
microphysics schemes, the mean percentage with rain rate greater than 10 mm h-1 
of eight microphysics schemes (0.595%) nicely follows the PR observation 
(0.596%). This indicates that the time-step rain rate with 24-s interval and 5-km 
resolution in the WRF model can be appropriately comparable with the near 
surface rain rate calculated from the instantaneous PR reflectivity observation at a 
5-km grid. 
The vertical structure of heavy rainfall between the TRMM PR observation 
and WRF simulations by the use of eight microphysics schemes are given in the 
form of CFADs (Fig. 42). The color scales in each figure represent the occurrence 
probabilities relative to surface heavy rainfall events. The PR observation in Fig. 
42a corresponds to the summation of Figs. 6b–d found in S13, except for a 
difference in period (2006 vs. 2002–2011). In fact, S13 noted that the vertical 
structure of heavy rainfall over Korea is significantly different than that found in 
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the US-OK region (Figs. 7b–d of S13); the vertically limited extent and slanted 
CFAD pattern with narrow range of radar reflectivity are distinguishable in the 
warm-type heavy rainfall over the Korean peninsula, in contrast to the vertically 
aligned pattern with high vertical extent and wide range of radar reflectivity over 
the Oklahoma region of the United States. 
Although no microphysics scheme is perfectly matched with the PR 
observation, the WDM6 scheme shows the highest pattern correlation (0.92) when 
compared with the CFADs of PR observation (Fig. 42c). The relatively limited 
vertical extent and similar reflectivity range with observation led to the highest 
correlation. The second-highest pattern correlation (0.90) is found in the WSM6 
scheme (Fig. 42b). Compared with the WSM6 scheme, the WDM6 scheme is 
characterized by the rapid increase of reflectivity below the melting level (4–5 km) 
and a somewhat discontinuous pattern around the 4–5 km (Fig. 42c). In fact, the 
WDM6 scheme was developed by modifying auto-conversion and accretion 
processes following a stochastic collection equation, as well as the introduction of 
the double moment approach for cloud water and rain, starting from the WSM6 
scheme. Those changes in warm-rain physics are thought to be responsible for the 
increased slope of reflectivity below melting level in the WDM6 scheme, leading 
to a better agreement with the PR observation for the reflectivity range of 30–40 
dBZ below the melting level (Fig. 42c). Even if the same ice processes are applied 
between the two schemes above, the terms may work differently, since the 
predicted number concentration for cloud water and rain in turn influences the ice 
processes indirectly. Thus, the WDM6 scheme exhibits a slightly smaller 
reflectivity in the upper layer than does the WSM6 scheme (Fig. 42c). 
The third-highest pattern correlation (0.85) is found in the Goddard scheme 
(Fig. 42d). This correlation is mostly attributable to the similarity in reflectivity 
over the lower layer with the PR observation. The relatively lower correlation in 
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comparison with the WDM6 and WSM6 schemes is due to the tall height and high 
reflectivity in the upper layer. This type of vertical structure is frequently found 
over the central United States (Figs. 7b–d of S13), indicating that the Goddard 
scheme is appropriate for simulating continental deep convective clouds. Lang et 
al. (2007) suggested that the Goddard microphysics scheme in the Goddard 
Cumulus Ensemble model results in further agreement with the vertical structure 
of radar reflectivity from the ground-based radar observation over the South 
America continent by eliminating the dry growth of graupel and lowering the 
collection efficiency of cloud water by snow. However, over the Korean peninsula, 
the Goddard scheme continues to have a problem related to an excessive 
reflectivity in the upper level (Fig. 42d), indicating abundant ice water content. 
Kim et al. (2013) also reported that the Goddard scheme tends to produce more 
ice water content than the WSM6 and WDM6 schemes. 
The Thompson scheme reveals an outstanding agreement with the PR 
observation for the vertically limited extent and small reflectivity in the upper 
layer, whereas the systematic overestimation of reflectivity below the melting 
level causes a lower pattern correlation (0.77) than those for the WSM6, WDM6, 
and Goddard schemes (Fig. 42e). This feature is consistent with the previous 
reports that the Thompson scheme produces more realistic storm height 
distribution (Caine et al. 2013) and cloud properties of mesoscale convective 
systems (Van Weverberg et al. 2013) over the western Pacific. Han et al. (2013) 
also reported that the simulated reflectivity profiles with the Thompson scheme 
exhibits a good agreement with the ground-based observations for a winter storm 
in Califonia, compared with the WSM6, Goddard, and Morrison_G scheme. The 
Thompson_A scheme exhibits lower pattern correlation (0.65) compared with the 
Thompson scheme, even if water-friendly and ice-friendly aerosol climatology is 
additionally employed (Fig. 42f). The use of aerosol climatology aims to move 
１１４ 
away from the PR observation, inducing the lower correlation. 
The worse correlations are found in the Morrison schemes (Figs. 42g–h). This 
lesser performance is directly attributable to the overestimated reflectivity below 
the melting level in addition to the high reflectivity over the range of 40–55 dBZ 
in the upper layer, which is rarely found in the PR observation. By using the hail 
category with a high density instead of graupel for the rimed-ice species, the 
pattern correlation (0.30) for the Morrison_H scheme worsens (Fig. 42h), 
indicating that the use of hail species is a negative addition. This contrasts with 
previous results showing that the Morrison_H scheme much improved the vertical 
structure of radar reflectivity for the Oklahoma squall line cases, compared with 
the Morrison_G scheme (Morrison et al. 2015). The discrepancy appears to be 
related to the difference in the occurrence frequency of hail: rare hail reports over 
the Korean peninsula vs. frequent hail occurrences over the central US region 
(Cecil and Blackenship 2012). 
The NSSL scheme represents a unique CFAD pattern showing an oval shape 
with a broad range in radar reflectivity (Fig. 42i). Despite its strange reflectivity 
structure, the pattern correlation (0.74) for the NSSL is relatively high by virtue of 
the agreement in reflectivity range below the melting layer. It is of interest to note 
that the NSSL scheme shows the lowest ratio of heavy rainfall events with rain 
rate greater than 10 mm h-1 (i.e., 0.5%) in Fig. 41, leading to the slightly weak 
convective clouds. 
Since the aforementioned radar reflectivity profiles were primarily calculated 
from the mixing ratios of rain water, graupel, and snow, the contribution of each 
hydrometeor also should be investigated. Fig. 43 represents the mixing ratio 
profiles of cloud ice, snow, graupel, rain, and cloud water. Here, the cloud ice and 
cloud water categories correspond to the initial or dissipating stages, which are 
not directly related to heavy rain. The most prominent feature is that the WSM6 
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and WDM6 schemes show a relatively small amount of snow (Fig. 43b), 
eventually resulting in lower reflectivity in the upper layer and good agreement 
with the PR observation (Figs. 42b–c). Instead of the small amount of snow, these 
two schemes feature abundant cloud ice (Fig. 43a), implying the conversion from 
snow to cloud ice or an inactive aggregation. However, the large amount of 
graupel is thought to be a weakness of these two schemes, leading to a 
discrepancy with the PR observation in the upper layer. The largest amount of rain 
and smallest amount of cloud water (except for the NSSL scheme) for the WDM6 
scheme are also notable (Figs. 43d–e), indicating the enhanced growth of large 
raindrops by collecting small raindrops and cloud water. The growth of raindrops 
is thought to be a key factor in the formation mechanism of heavy rainfall over the 
Korean peninsula, as noted in Section 3.1. 
The large amount of graupel, as well as a substantial amount of snow for the 
Goddard scheme (Figs. 43b–c), is related to the high reflectivity in the upper layer 
(Fig. 42d), consistent with the findings of Kim et al. (2013). The good reflectivity 
pattern in the upper layer for the Thompson schemes appears to be mostly related 
to the large amount of snow and small amount of graupel (Figs. 43b–c). Van 
Weverberg et al. (2013) reported that the Thompson scheme tends to produce 
large mesoscale convective systems with large anvil clouds in the upper 
troposphere because of slowly falling snowflakes aloft, while a small amount of 
cloud ice is found (Fig. 43a). By using aerosol climatology, the decreased cloud 
ice and increased cloud water for the Thompson_A scheme are also noted (Figs. 
43a,e). The Morrison_G and Morrison_H schemes, shown to have an excessive 
reflectivity greater than 40 dBZ in the upper layer, are characterized by a large 
amount of snow, also similar to the Thompson scheme. Since the Morrison 
schemes adopt a prognostic approach (i.e., double-moment) for snow, unlike the 
Thompson schemes, snow number concentration in the Morrison schemes is 
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thought to be related to the rapid increase of reflectivity in the upper layer. 
Despite the rapid increase of the snow mixing ratio with decreasing height, snow 
number concentration for the Morrison schemes sharply decreases with 
decreasing height between 10 and 5 km (Fig. 44a), indicating the increase of the 
mean diameter of snow. Since radar reflectivity is proportional to the number 
concentration and the sixth power of particle diameter, the relative increase of 
snow mean diameter for a given decrease of snow number concentration can 
cause a substantial increase in reflectivity. Han et al. (2013) also found that the 
Morrison_G scheme tends to overestimate reflectivity in the upper layer for a 
winter storm case in Califonia, as a result of the underestimated number 
concentration and overestimated mean size (due to the small intercept parameter) 
of snow particles. The high reflectivity in the upper layer for the NSSL scheme is 
also thought to be a number concentration issue with respect to the reduction of 
snow number concentration (Fig. 44a). 
It is of note that radar reflectivity below the melting level show a significant 
difference depending on the microphysics schemes (Figs. 42b–i), although mean 
rain mixing ratio profiles exhibit a similar distribution (Fig. 43d). In particular, the 
Thompson, Thompson_A, Morrison_G, and Morrison_H schemes are 
characterized by an overestimation of reflectivity below the melting level (Figs. 
42e–h). Since these schemes take a double-moment approach additionally 
predicting the number concentration of raindrop, the overestimation of reflectivity 
appears to be related with the number concentration of raindrop. Fig. 44b 
represents a significantly lower rain number concentration for the Thompson, 
Thompson_A, Morrison_G, and Morrison_H schemes, compared with the WDM6 
and NSSL schemes. The lower rain number concentrations for Thompson and 
Morrison schemes (Fig. 44b) with a similar rain mixing ratio (Fig. 43d) cause a 
substantial increase in reflectivity, as a result of the increase of the mean size of 
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raindrop. The Morrison schemes exhibit further lower rain number concentrations 
than the Thompson schemes (Fig. 44b), and thereby represent larger reflectivity 
ranges below the melting level (Figs. 42g–h). 
The 3-month simulations of heavy rainfall (with hourly rainfall greater than 10 
mm h-1) by using different microphysics schemes over the Korean peninsula were 
conducted in order to compare with the rain-gauge observation in Fig. 45. The 
rain-gauge observations exhibit a spatial distribution that is mostly concentrated 
on the center of the southern coastline (i.e., around the Jiri Mountain) over the 
Korean peninsula (Fig. 45a). Most microphysics schemes include a heavy rainfall 
feature around the Jiri Mountain, even if there exist differences in spatial 
distribution and rainfall intensity. The Goddard scheme simulates the largest 
amount of heavy rainfall, whereas the NSSL scheme produces the smallest heavy 
rainfall, consistent with the PDF distribution of time-step rain rate (Fig. 41). A 
further increased heavy rainfall, especially over land, is found in the WDM6 
scheme (Fig. 45c), compared with the WSM6 scheme (Fig. 45b). Hong et al. 
(2010) also showed that the use of the WDM6 scheme strengthens heavy 
precipitation activity by modifying warm-rain physics, compared with the WSM6 
scheme. The Thompson_A scheme exhibits increased rainfall over ocean and 
decreased rainfall over land (Fig. 45f) in comparison with the Thompson scheme 
(Fig. 45e). The change in rainfall appears to be related to the indirect effect of 
aerosol, suppressing the growth of cloud droplets under the high aerosol loading 
environment, because a higher number concentration of water-friendly aerosols 
(pollution aerosols) over the land area in comparison with the adjacent ocean is 
used in the Thompson_A scheme. The use of the hail category instead of graupel 
in the Morrison scheme (i.e., Morrsion_H) causes a decrease in the heavy rainfall 
over the Korean peninsula (Fig. 45h), yielding a large discrepancy from the rain-
gauge observation (Fig. 45a). It reflects the rain characteristics over the Korean 
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peninsula, that does not accompany hail particles in the upper layer (Cecil and 
Blackenship 2012). 
On the whole, the WDM6 scheme is thought to simulate a reliable distribution 
of heavy rainfall on the ground that other schemes overestimate around the 
northeast boundary, probably related to the topography. However, the results from 
all microphysics schemes underestimate the heavy rainfall around the western 
coast of the Korean peninsula, inducing a significant difference in comparison 
with the rain-gauge observation. The problems appear to be related to external 
factors (such as horizontal resolution and topography, dynamic conditions, 
cumulus parameterization in the mother domain, and other physics 
parameterizations). In fact, the simulation results at higher horizontal resolution 
(e.g., 2.5 km) showed the spatial distribution with an increased heavy rainfall, and 
thus are more similar to the rain-gauge observations in terms of mean rainfall (not 
shown). It is also of note that these results have a limited implication because the 
use of spectral nudging forced by the large-scale features of reanalysis data 
indicates a dynamical downscaling rather than a future forecast (Hong and 
Kanamitsu 2014). Nevertheless, sensitivity results related to the vertical structure 
of radar reflectivity (Fig. 42) are thought to be meaningful in the context of the 
evaluation of microphysics schemes under the thermodynamic environment over 
the Korean peninsula. 
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Fig. 41. The PDFs of rain rate between the TRMM PR observation and WRF 
simulations by the use of eight microphysics schemes (WSM6, WDM6, Goddard, 
Thompson, Thompson_A, Morrison_G, Morrison_H, and NSSL). Here the 
summer period (June–August) of 2006 was considered.  
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Fig. 42. The CFAD patterns of reflectivity from the (a) TRMM PR observation 
and (b–i) WRF simulations using eight microphysics schemes for heavy rainfall 
cases (rain rate > 10 mm h-1) over the Korean peninsula (34–36.25°N, 126–
130°E). The frequencies given in color scales represent the occurrence 
probabilities relative to the surface heavy rainfall events. The numbers within 
each figure indicate the pattern correlation with the PR observation. Here the 




Fig. 43. Mean mixing ratio profiles of five hydrometeors for heavy rainfall cases 
(rain rate > 10 mm h-1) over the Korean peninsula: (a) cloud ice, (b) snow, (c) 
graupel, (d) rain, and (e) cloud water. Color lines indicate the WRF simulation 
results from different microphysics schemes (WSM6, WDM6, Goddard, 
Thompson, Thompson_A, Morrison_G, Morrison_H, and NSSL). Hail mixing 
ratio was used instead of graupel for the Morrison_H scheme, while hail and 
graupel species were simply combined for the NSSL scheme. 
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Fig. 44. Mean number concentration profile of (a) snow and (b) rain for heavy 
rainfall cases (rain rate > 10 mm h-1) over the Korean peninsula. Color lines 
indicate the WRF double-moment microphysics schemes for snow and rain 
species. 
 
Fig. 45. Spatial distributions of summertime heavy rainfall (rain rate > 10 mm h-1) 
over the southern part of Korean peninsula for (a) rain-gauge observation and (b–i) 
WRF simulations using eight microphysics schemes (WSM6, WDM6, Goddard, 
Thompson, Thompson_A, Morrison_G, Morrison_H, and NSSL). 
  
Rain Number Concentration (# kg-1)












Snow Number Concentration (# kg-1)




























Although many discrepancies exist for the realistic representation of 
microphysics schemes depending on different regions and targets, a common 
trend is a better simulation in the case of the recently developed complex schemes 
(e.g., double-moment approach predicting not only the mixing ratio but also 
number concentration). However, more complex microphysics schemes do not 
always guarantee superior performance in simulating precipitation. More 
important is the proper consideration of local rain characteristics. For example, 
Luo et al. (2010) found that the use of the Morrison_G scheme is closer to the 
rain-gauge and radar observations for simulating Meiyu frontal precipitation over 
the Huai River valley in China, whereas the Purdue-Lin and 1-moment Thompson 
schemes overestimate (underestimate) convective (stratiform) precipitation. 
Morrison et al. (2015) also noted that the Thompson, Morrison_G, Morrison_H, 
and NSSL schemes realistically simulate the vertical structure of radar reflectivity 
for the Oklahoma squall line cases (for not only trailing the stratiform region, but 
also the convective core) in comparison with the WSM6 and WDM6 schemes, 
which have a rapid evaporation for the stratiform precipitation below the melting 
level due to the small mean raindrop size. In contrast to the central US region, the 
evaluation results in this study with respect to the vertical structure of 
summertime heavy rainfall over the Korean peninsula revealed an improved 
performance of the WSM6 and WDM6 schemes, suggesting a difference in the 
formation mechanism of heavy rainfall between the Korean peninsula and the 
Oklahoma region of the United States, as noted in S13. 
At this point, we need to focus on two microphysics schemes (WSM6 and 
WDM6) that realistically simulate the vertical structure of heavy rainfall over the 
Korean peninsula. The PR-observed reflectivity slope below the melting level is 
located in between those of WSM6 and WDM6, implying that WSM6 (WDM6) 
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represents too weak (strong) growth of rain droplets compared with the 
observation, leaving room for future improvement. The modification of raindrop 
size distribution and the associated change in the accretion process for the WDM6 
scheme are thought to be key factors for producing the realistic reflectivity slope. 
Meanwhile, in the Goddard Cumulus Ensemble model simulations employing 
a spectral bin microphysical scheme, Li et al. (2010) showed that the simulated 
reflectivity slope was much improved by reducing the collection efficiency in the 
collection kernel with respect to the growth of snow aggregates, indicating that 
the use of a realistic collection kernel is important to simulate the reflectivity 
slope. Thus, the overestimated reflectivity above the freezing level in Fig. 42 is 
thought to result from the parameterization related the growing process of snow 
and graupel, which is not suitable for the precipitation process in the Korean 
peninsula.  
In addition, Han et al (2013) emphasized the role of snow intercept parameter 
for determining the structure of radar reflectivity on the ground that the WSM6, 
Goddard, and Morrison schemes with a small intercept parameter of snow (i.e., 
abundant large-size snow particles) produce the overestimation of reflectivity. In 
addition to the snow intercept parameter, particle density can be another important 
factor to determine the reflectivity pattern. In fact, the Thompson scheme uses a 
mass-diameter relationship for snow particles in order to consider the 
observational fact that snow particle densities vary inversely with size (Thompson 
et al. 2008), while many bulk cloud microphysics schemes (including 
WSM6/WDM6, Goddard, and Morrison schemes) still use a constant snow 
density (i.e., 100 kg m-3). For this reason, the Thompson scheme was 
characterized by the high concentration of small-size snow particles and thereby 
exhibited a reasonable reflectivity pattern in the upper layer compared with the 
ground-based observations for a winter storm case in Califonia (Han et al. 2013). 
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This feature is consistent with the CFAD patterns of Thomson schemes that found 
in Figs. 42e–f.  
It is also of note that the PR reflectivity above the freezing level exhibits the 
two-step increasing patterns around 7 km (Fig. 42a), in contrast to the monotonic 
and rapid increase of reflectivity above the freezing level for the WSM6 and 
WDM6 schemes (Figs. 42b–c). This two-step growth mode may be related to the 
different composition of hydrometeors according to altitude. Laboratory 
experiments have shown the multiplication of secondary ice particles during the 
growth of graupel, as a result of interaction between super-cooled droplets with 
radius larger than 25 μm (i.e., riming) under the moderate velocity of 2–4 m s-1 
conditions (Mossop 1976; Mossop 1985). Mossop (1980) hypothesized that 
occasional large drops bigger than 25-μm diameter are accreted in such a way that 
they are attached to the ice substrate by only a narrow bridge, and then the heat 
loss condition leads to the formation of a complete ice shell around the drop 
periphery as it freezes. The riming process was found to be vigorous for the 
temperature range between –3°C and –8°C (Hallett and Mossop 1974; Mossop et 
al. 1974; Heymsfield and Mossop 1984). Interestingly, the temperature of 
approximately –5°C, showing the maximum production rate of secondary ice 
particles (Hallet and Mossop 1974), corresponds to the climatological temperature 
of altitude (i.e., 5.5 km), where the maximum of the reflectivity slope is found in 
the heavy rainfall events over the Korean peninsula in S13; this suggests the 
impact of secondary ice production on the rapid increase in reflectivity around the 
melting level. Furthermore, from the in situ videosonde data over the island of 
Japan, Takahashi et al. (2015) found that radar echo intensity increases with 
decreasing height more rapidly in the frozen drop, which grows in a narrow layer 
above the freezing level, than in the graupel, which grows over a much deeper 
volume extending from the freezing level to the cloud top. Since a frozen drop 
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grows faster by collecting super-cooled drops from a merging cell in comparison 
with the snow and graupel particles, the combination of snow/graupel in the upper 
layer and the frozen drop around the melting level can explain the two-step 
growth mode (i.e., relatively slow growth in the upper layer and rapid growth 
around the melting level), found in the PR observation (Fig. 42a).  
The growing process of frozen drops by riming as well as snow/graupel 
particles needs to be considered in a future scheme in order to properly simulate 
the two-step increasing pattern above the freezing level that found in the PR 
observation (Fig. 42a). The recently developed predicted particle properties (P3) 
scheme (Morrison and Milbrandt 2015) may be promising to simulate the two-
step growing mode because the P3 scheme predicts several important physical 
properties (e.g., density, size, and rime mass fraction) for 4 prognostic ice mixing 
ratio variables (total ice mass, rime ice mass, rime volume, and total number) by 
considering various bulk particle properties of a single ice-phase category rather 
than separating ice into different predefined categories (cloud ice, snow, graupel, 
and hail), as is traditionally done.  
  
１２７ 
3.3. Case study 
In order to identify the capability of WRF model in simulating the cold-type 
and warm-type heavy rainfall, two cases (cold-type: 22 August 2008 and warm-
type: 22 June 2009) s showing a typical characteristic were further simulated. The 
two heavy rainfall events were already investigated in Section 2.3.1–2 using 
satellite observations. The model configuration is identical to that in Section 3, 
expect for the Initial and lateral boundary conditions taken from the NCEP FNL 
data from 18 UTC 20–00 UTC 23 August 2008 for the cold-type case and 00 UTC 
21–00 UTC 23 June 2009 for the warm-type case. Here the spectral nudging 
method was not used because it is a short-term period. In addition, the WDM6 
microphysics scheme was considered to simulate the cold-type and warm-type 
cases.  
Figs. 46–47 represent the spatial and temporal evolution of TB11 from WRF 
simulations. Here the calculation of TB11 from the WRF 25-km outputs was 
conducted by using the Joint Simulator for Satellite Sensors (Hashino et al. 2013). 
The WRF model appears to have a capability reasonably simulating the large-
scale TB11 distributions (e.g., locations of front, North Pacific high pressure, and 
continental air mass located northwest of the Korean peninsula) from the coarse-
resolution (1°×1°) NCEP FNL data. However, the detail features of cloud system 
are smoothed and missed much. For the cold-type case, the storm core with cold 
cloud top temperature developed over the southern part of Korea peninsula for the 
period of 0630–1530 UTC 22 August 2008 (Fig. 9) is not predicted in the WRF 
simulation (Fig. 46). For the warm-type case (Fig. 47), Typhoon Linfa located in 
southeastern part of China and cloud clusters along the eastern coast of China 
(2009-06-21/12-30 UTC in Fig. 47) are not properly depicted in the WRF 
simulation at 25 km. Nonetheless, the TB11 values for the warm-type heavy 
rainfall over the Korean peninsula (Fig. 47) are relatively similar to satellite 
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observations (Fig. 12), suggesting that the warm-type heavy rain system with a 
moderate cold temperature can be reasonably simulated in the coarse resolution 
(i.e., 25 km).   
The daily precipitation simulated by WRF model for the two heavy rainfall 
events were compared with the rain-gauge observations (Fig. 48). Here the daily 
periods were considered as ±12 hours based on the 09 UTC 22 August 2008 for 
the cold-type case and 00 UTC 22 June 2009 for the warm-type case. The 
distribution of precipitation observation for the cold-type heavy rainfall event (Fig. 
48a) is mostly concentrated over the southwestern coast, whereas the WRF model 
results do not properly simulate the location of raining area (Figs. 48c,e). It is 
thought to be mostly due to the initial condition problem because coarse-
resolution (6-horuly, 1°×1°) data (i.e., NCEP FNL) used in this study may not 
provide the proper information related with initial condition for cloud clusters 
rapidly developing in a short time. Thus, short-term data assimilation (especially 
over the Yellow Sea) appears to be important for predicting cold-type heavy 
rainfall. In contrast, the band-type precipitation over southern region (Fig. 48b) is 
reasonably simulated in the WRF model for the warm-type heavy rainfall case 
(Figs. 48d,f), indicating that large-scale environmental setup is important for 
simulating warm-type heavy rainfall. The simulation result at 2.5 km shows a 
better agreement over southwestern area of the Jiri Mountain showing maximum 
precipitation in rain-gauge observation (Fig. 48b) by using more detail topography 
(Fig. 48f).  
In Fig. 49, the vertical structures of reflectivity between the TRMM PR 
observation and WRF simulation for the cold-type heavy rainfall (940 UTC 22 
August 2008) and warm-type heavy rainfall (0000 UTC 22 June 2009) cases are 
represented. The vertical structure of the cold-type heavy rainfall case shows the 
reflectivity patterns with wide range and high extent up to 15 km (Fig. 49a). 
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However, it is also of note that the cold-type case over the Korean peninsula is 
much weaker than that in the central United State where 40-dBZ reflectivity at the 
10-km altitude is frequently found (Fig. 7 of S13). The WRF simulation exhibits a 
similar reflectivity below the melting level, but more strong convection in the 
upper layer (such as deep convection found in the central United States), 
compared with the PR observation. On the contrary to the cold-type, the vertical 
structure of warm-type heavy rainfall case is characterized by a smaller magnitude 
of reflectivity, a narrow reflectivity range, and lower vertical extent (Fig. 49b). 
The WRF simulation result for the warm-type also exhibits a similar pattern to the 
observation, except for the relatively large reflectivity above the freezing level 
(Fig. 49d). As already discussed in Section 3.2, the contrast in reflectivity slope 
above the freezing level (two-step vs. monotonous increases) and discontinuity 
between ice and liquid phases due to the use of WDM6 scheme are found again. 
Overall, the vertical structure of warm-type rainfall case (Fig. 49d) is similar to 
that from long-term simulations (Fig. 42c), indicating that it is a typical case 
found in the summertime over the Korean peninsula. 
Lastly, the vertical cross section of maximum reflectivity (Zmax) and maximum 
vertical velocity (Wmax), and domain-averaged (i.e., 34–36.25°N, 126–130°E) 
equivalent potential temperature (θe) and relative humidity (RH) profiles were 
investigated. Here, “0 hour” in (a, c) and (b, d) indicate 09 UTC 22 August 2008 
and 00 UTC 22 June 2009, respectively. The cold-type heavy rainfall case exhibits 
a core with strong convection and updraft, and large vertical extent up to 15-km 
altitude, especially between –3 and 0 hour (Fig. 50a). A sudden jump in 
reflectivity and updraft from 12–15 KST (–6 to –3 hour) to 15–18 KST (–3 to 0 
hour) are also noted, as a result from the increase of convective instability by solar 
heating in the afternoon. The large θe near the surface along with the cold 
temperature in the middle level, and thereby the increased convective instability 
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may be considered as a triggering factor in generating the cold-type heavy rain. In 
contrast to the cold-type, the vertical structure of warm-type heavy rainfall case 
exhibits much smaller maximum reflectivity, updraft, and vertical extent up to 12-
km altitude (Fig. 50b). In addition, the cloud system for the warm-type case is 
maintained for a long time (throughout a day) by virtue of high RH condition (Fig. 
50d). The long-lasting feature of warm-type heavy rainfall is an important factor 
in producing flash floods, as noted in Section 2.3. In addition, the maximum RH 
value over the middle troposphere is found around 06 KST (–3 hour), and the 
mean precipitation rate in the AWS rain gauges records a maximum at that time 
(not shown). One interesting point of note is the small vertical gradient of θe 
between middle and low troposphere for the period of 03–09 KST (–6 to 0 hour), 
indicating the moist-adiabatically near-neutral conditions. The limited solar 
activity in the dawn–early morning period and humid condition in the middle 
troposphere are thought to be related with the small θe gradient. Under the moist-
adiabatically near-neutral and humid conditions, warm-type clouds appear to 
produce heavy rainfall. On the whole, the θe and RH results from the case 
simulations are similar to the results from the 10-yr observation (Figs. 17a–b), 
even if the difference in peak time showing the maximum value partly exists.  
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Fig. 46. Horizontal distributions of brightness temperature at 11 μm (TB11) from 
WRF simulations at 25 km for the cold-type heavy rainfall event (22 August 
2008). Here the calculation of TB11 was conducted using Joint Simulator for 
Satellite Sensors (Hashino et al. 2013).  
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Fig. 48. Spatial distributions of daily precipitation for cold-type and warm-type 
heavy rainfall events. (a–b) AWS rain-gauge observation and (c–f) WRF 
simulations (at 5 km and at 2.5 km resolutions) are represented. Location showing 
maximum precipitation is marked by X. 
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Fig. 49. (a–b) CFAD of PR reflectivity observation for the cold-type (0940 UTC 
22 August 2008) and warm-type heavy rainfall (0000 UTC 22 June 2009) events 
and (c–d) the corresponding CFAD patterns from WRF simulations at 5 km. Here 
the WDM6 microphysics scheme was used.  
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Fig. 50. Temporal evolution of (a–b) maximum reflectivity (Zmax, color) and 
maximum vertical velocity (Wmax with m s-1, contour, and (c–d) domain-averaged 
equivalent potential temperature (θe, color) and relative humidity (RH with %, 
contour) structures for the cold-type and warm-type heavy rainfall events. Here, 





Numerical experiments testing the hypotheses proposed by S13 and Section 2 
were conducted with the idealized profiles of temperature and moisture specified 
in the WRF model. Various input profiles of temperature and water vapor were 
obtained by perturbing the 10-year mean profiles so that any chosen profile may 
imply the atmospheric status between the cold-type and warm-type heavy rainfall 
over the Korean peninsula in Section 2 while also allowing more differences (two, 
three, and four times). It was indicated that warm-type experiments under the 
weak convective instability and humid condition exhibited a lower storm height 
and earlier onset of precipitation than was found for the cold type. In the cold-type 
experiment, the snow particles lifted by the latent heat release and thereby 
additional updraft at the initial stage were converted into graupel particles via the 
aggregation/accretion processes after 30 minutes. Thereafter, the melting of 
graupel led to the production of cold-type heavy rainfall after 40 minutes. 
Conversely, a lack of upper-level snow and a close interaction between super-
cooled raindrops and ice particles in the abrupt graupel production were found at 
the initial stage in the warm-type experiment. The earlier formation of graupel 
(after 20 minutes) led to an earlier onset of surface precipitation (after 30 minutes). 
It was also confirmed that the effective collision/coalescence processes of 
raindrops (associated with increasing raindrop mean diameter and decreasing 
raindrop number concentration) in the humid environment is a plausible 
mechanism to explain the rapidly increasing reflectivity below the melting level 
for the warm-type heavy rainfall. This strongly supports the growing mechanism 
of raindrops proposed in S13. In addition, the microphysical evolution of warm-
type heavy rainfall appears to be relatively insensitive to the wind shear 
conditions in comparison with the cold-type heavy rainfall. 
In the real-case simulation, the performance of the WRF microphysics 
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schemes for simulating the vertical structure of summertime heavy rainfall over 
the Korean peninsula was evaluated against the TRMM PR observation. Here, a 
3-month (June–August) simulation at 5-km resolution over the Korean peninsula 
was conducted, along with a 25-km simulation over the surrounding East Asia 
area. Although the PDF distributions of time-step (i.e., 24 s) rain rate from the 
WRF simulations demonstrated a relatively good agreement with the 
instantaneous PR observation over Korea, the vertical structure of reflectivity was 
highly sensitive to the microphysics scheme. Among the eight microphysics 
scheme (i.e., WSM6, WDM6, Goddard, Thompson, Thompson_A, Morrison_G, 
Morrison_H, and NSSL) tested in this study, the vertical structure of reflectivity 
for the heavy rainfall simulated in the WDM6 scheme exhibited the highest 
pattern correlation with the PR observations. The double-moment approach for 
cloud water and rain species, and the updated warm rain physics (e.g., auto-
conversion and accretion processes based on the stochastic collection equation) 
appeared to improve the performance of the WDM6 scheme in comparison with 
the previous version (i.e., WSM6). The smallest amount of snow in the WDM6 
scheme was also noted, being consistent with the findings in the ideal experiment 
and resulting in better agreement with the PR observation, compared with the 
other schemes (i.e., WSM6, Goddard, Morrison_G, Morrison_H, and NSSL). 
However, the excessive graupel in the WDM6 scheme was thought to be a 
problem that requires improvement in the future. 
The cases showing typical features of cold-type and warm-type heavy rainfall 
were also simulated. The rapidly developing cold-type heavy rainfall case was 
found to be difficult to properly simulate in terms of the location and timing of 
precipitation using the WRF model with coarse-resolution NCEP FNL data (due 
to the initial condition problem), suggesting the importance of short-term data 
assimilation in predicting cold-type heavy rainfall. By contrast, warm-type heavy 
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rain events over the southern part of the Korean peninsula were simulated 
reasonably accurately using the WRF model, emphasizing the large-scale 
environmental setup in predicting warm-type heavy rainfall. Overall, moist-
adiabatically near-neutral conditions for producing the warm-type heavy rainfall 
were also confirmed in this case simulation.  
Consequently, it appears reasonable to conclude that the improvement of 
microphysical parameterization, based on observations, and a better large-scale 
environment, through data assimilation, are important factors for improving the 
predictability of warm-type heavy rainfall over the Korean peninsula in the humid 
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TRMM 강우 레이더의 연직 반사도 관측자료를 K-means 군집분석을 
이용하여 분류한 결과, 동아시아 여름 환경에서 두 가지 대표적인 집중호우 
유형을 발견했다. 첫 번째 유형(cold-type)은 두꺼운 대류운으로 주로 중국 
대륙에서 발생하고 있었고, 상대적으로 키가 작은 두 번째 유형(warm-type)은 
북태평양 고기압의 서쪽 가장자리에 위치한 해양 지역에서 높은 발생빈도를 
보였다. 또한 첫 번째 유형은 6–8월 동안 중국 대륙에서 한국/일본으로 
동진하는 계절적 진화 양상을 보였고, 두 번째 유형은 남쪽 해상에서 
북진하여 한국/일본에 영향을 주고 있었다. 이러한 계절적 진화 양상은 한반도 
여름철에 대해서 두 가지 집중호우 유형이 혼재하는 상황을 조성한다.  
정지궤도 위성과 재분석 자료를 분석하여 한반도 집중호우 유형과 관련된 
구름과 열역학/역학적 특징들의 시공간적 발달 양상을 조사했다. Cold-type 
집중호우는 타원형의 구름 무리들이 동진하는 특징을 보였고, 대류불안정에 
의해서 주로 국지적으로 발생했다. 하지만 warm-type 집중호우는 대규모 
강제력(하층 수증기 수렴과 상층 발산)이 구비되는 상황에서 넓은 범위에 
걸쳐서 북동진하는 구름 분포를 보였다. 습윤 단열적으로 중립적이지만 습윤 
환경에서 충돌 및 병합 과정으로 인한 빗방울의 성장이 warm-type 집중호우를 
생성하는 것으로 생각되었다.  
관측자료 분석에서 도출된 집중호우 유형의 형성 메카니즘이 타당한지를 
검증하기 위하여, 다양한 열역학 환경에 따른 이상적인 수치실험을 수행했다. 
습윤단열적으로 중립적이면서 습윤한 환경에서는 키가 비교적 낮은 warm-type 
구름들이 실제로 모의되었고, 이때 하층에서의 활발한 충돌 및 병합과정으로 
１５２ 
인하여 이른 강수 시작과 많은 강수량을 보였다. 또한, warm-type 구름의 경우 
상층에 눈 입자가 매우 적은 특징과 초기 단계에서 과냉각 빗방울과 빙정간의 
밀접한 상호 작용이 확인되었다. 하지만 cold-type 집중호우 형성은 상층에서 
눈/싸락눈 입자의 성장과 이후 이들이 녹는 과정과 관련 있었다.  
현재 수치모델이 한반도 여름철 집중호우의 연직구조를 어떻게 모의하고 
있는지 조사하기 위하여, WRF 모델에서 가용한 8개 미세물리과정 모수화 
방안의 장기간 모의 결과를 TRMM 강우레이더 관측과 비교한 결과, 상층 
눈의 양이 적고 빗방울의 급격한 성장을 고려하는 WDM6 방안이 한반도 
여름철 집중호우의 연직구조 모의에 가장 적절한 것으로 생각되었다. 하지만 
상층에 싸락눈의 양이 많은 것은 일부 문제점으로 생각되었다. 사례 
모의에서는 warm-type 집중호우 예측에서 대규모적인 환경의 중요성이 
강조되었다. 결론적으로 동아시아 여름철 습윤 환경에서 한반도의 warm-type 
집중호우 예측을 향상시키기 위해서는 관측에 기반한 미세물리과정 모수화와 
대규모 환경의 개선이 필요하다고 판단된다.  
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